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Abstract

The objective of this study was two-sided; to establish if there was a difference of
mercury (Hg) and selenium (Se) in pike (Esox lucius) from two areas of the Glomma
catchment area in @stfold County, Lake Djupetjern and Lake Holmetjern in Degernes,
and Lake Visterflo. The study would also investigate what could cause this possible
difference in the level of total Hg (THg) and Se measured in muscle of pike, whether it
was biologic processes or water chemistry. The results were viewed in the light of
consumption risks for humans, as both areas are used for recreational fishing.

Hg is a toxic trace metal and the trade limits put forth by the EU is at 0.5 mg Hg/kg w.w.,
which has continued in Norway, with the exception of pike where the limit is set at 1 mg
Hg/kg w.w. The dietary guidelines in Norway state that pike should not be consumed at
any location. Both THg and Se concentrations were analysed, in addition to carbon
(613C) and nitrogen (815N) isotope ratio, the latter to establish if there was
biomagnification of Hg. The results showed a distinct difference between the two areas,
where Degernes exhibited the highest THg concentrations, both individual (2.6 mg/kg
w.w.) and predicted THg in a 1kg pike (approximately 1.25 mg/kg w.w.) in comparison
to Lake Visterflo (max: 0.71 mg/kg w.w. and 1 kg pike: approximately 0.28 mg/kg w.w.).
Se concentrations co-varied with the THg values, but showed no significant
bioaccumulation or biomagnification pattern. In contrast, THg exhibited a significant,
positive correlation in both Degernes and Lake Visterflo, with biomagnification rates
(BMR) higher than has been observed in southeastern Norway. Of the different water
chemistry variables, pH and dissolved organic carbon (DOC) are discussed as possible
influences and Se were shown to have an effect on the THg concentration in pike.
Although Se is not an effective protector against THg toxicity as the molar ratio of
Se/THg was below 1 for the majority of the individuals. In addition to this, biodilution
proved to considerably affect individual THg values.

These results are pertinent to the existing dietary guidelines for pike in Norway, as pike
from Degernes showed concentrations beyond >0.5 mg Hg/kg w.w. in all individuals but
one. This study displays the difficulties with extrapolating guidelines encompassing
larger areas based on information about singular populations, as there was a clear
discrepancy between the THg concentrations of the two locations.
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Sammendrag

Problemstillingen i denne oppgaven var todelt; a fastsette om det var forskjell i
konsentrasjonen av total kvikksglv (THg) og selenium (Se) i gjedde (Esox lucius) fra to
omrader innenfor nedbgrsfeltet til Glomma i @stfold, innsjgene Djupetjern og
Holmetjern i Degernes, og Visterflo. Studiet skulle videre se pa hva som kunne forarsake
de eventuelle forskjellene i THg og Se i muskel fra gjedde, om det kunne vaere
vannkjemien i innsjgene eller variasjoner innen populasjonene. Resultatene ble sett i lys
av helserisiko for mennesker, da alle tre innsjgene brukes av fritidsfiskere.

Kvikksglv (Hg) er et giftig tungmetall og EU har satt salgsgrensen for kvikksglv i fisk pa
0.5 mg Hg/kg w.w. noe Norge har viderefgrt, med det unntak at gjedde har en gkt grense
pa 1 mg Hg/kg w.w. Landsomfattende kostholdsrad for gjedde i Norge spesifiserer at
denne fisken ikke burde spises. Bdde konsentrasjonen av THg og Se ble malt, i tillegg til
at karbon (813C) og nitrogen (61°N) isotopratio ble malt, den sistnevnte for a avgjgre om
det var biomagnifisering av Hg. Resultatene viste en tydelig forskjell mellom de to
populasjonene, hvor Degernes hadde de hgyeste konsentrasjonene av THg, bade
individuelt (2.6 mg/kg w.w.) og i predikert THg i en 1 kg gjedde (ca. 1.25 mg/kg w.w.),
sammenlignet med Visterflo (maks: 0.71 mg/kg w.w. og 1 kg gjedde: ca. 0.28 mg/kg
w.w.). Konsentrasjonen av Se speilet variasjonene i THg, men viste ingen signifikant
tendens til bioakkumulering eller biomagnifisering. THg derimot viste signifikante,
positive korrelasjoner i begge populasjonene og hadde biomagnifiseringsrater (BMR)
som var hgyere enn hva som har blitt sett ved tidligere studier i samme omrade. Av de
ulike vannkjemiske variablene hadde pH, lgst organisk karbon (DOC) og selen en effekt
pa THg nivaet i gjedde. Dette til tross for at Se ikke fungerer som beskyttelse mot
toksiske virkninger av THg siden den molare ratioen mellom Se/THg var under 1 for de
fleste individene. I tillegg til dette viste biofortynning seg a veere en viktig faktor for a
kunne forutsi individuelle THg-verdier.

Disse resultatene har relevans i forhold til det naveerende kostholdsradet for gjedde i
Norge ved at populasjonen i Degernes viste konsentrasjoner godt over grenseverdiene
(>0.5 mg Hg/kg w.w.) i samtlige individer med unntak av ett. Fordi det var sveert stor
forskjell mellom konsentrasjonen av THg i de ulike populasjonene viser dette studiet
vanskelighetene ved a ekstrapolere kostholdsrad for stgrre omrader basert pa
informasjon om enkeltpopulasjoner.

IV






Table of contents

ACKNOWLEDGEMENTS II
ABSTRACT III
SAMMENDRAG IV
1. INTRODUCTION 1
1.1 MERCURY 1
1.2 WATERSHED PROCESSES AND AQUATIC CHEMISTRY 5
1.3 FOOD WEB IMPLICATIONS FOR MERCURY 11
1.4 STATUS FOR SOUTHEASTERN NORWAY CATCHMENT AREA GLOMMA 13
1.5 OBJECTIVES 14
2. METHOD AND MATERIALS 15
2.1 STUDY SITES 15
3. RESULTS 27
3.1 DEGERNES 28
3.2 LAKE VISTERFLO 34
3.3 COMPARISON OF PIKE FROM DEGERNES AND LAKE VISTERFLO 40
4. DISCUSSION 48
4.1 DIFFERENCES BETWEEN THG AND SE CONCENTRATIONS IN DEGERNES AND LAKE VISTERFLO 48
4.2 THE EFFECT OF WATER CHEMISTRY AND WATERSHED PROCESSES ON TOTAL MERCURY

CONCENTRATION IN PIKE FROM DEGERNES AND LAKE VISTERFLO 49

4.3 THE EFFECT OF BIOTIC DIFFERENCES WITHIN DEGERNES AND LAKE VISTERFLO ON TOTAL MERCURY

CONCENTRATIONS IN PIKE 52
4.4 CONCLUSION 55
REFERENCES 57
APPENDICES 67

VI



1. Introduction
The large-scale detrimental effects of mercury (Hg) on human health was first observed

in 1956 with the outbreak of the Minimata disease, where more than 2000 people were
affected by the contaminated discharge water from a chemical plant in Japan, through
their ingestion of fish and shellfish (Harada 1995). Even so, an estimate of global release
of Hg to aquatic systems has only recently been undertaken by the United Nations
Environmental Program (UNEP 2013). The report highlighted the need for knowledge of
local Hg levels and how it is distributed in aquatic food webs, to prevent further

toxicological tragedies.

1.1 Mercury
Hg is a relatively inert transition element that is easily combined with noble metals

(Schroeder & Munthe 1998). There are eleven known isotopes, seven of which are
stable, and three oxidation states (0, +1, +2) (Schroeder & Munthe 1998). Hg is liquid at
room temperature, a good conductor of electricity and is toxic to micro-organisms
(UNEP 2002). A unique combination of characteristics has made Hg suitable for
industrial production and application in pesticides, batteries, as catalysts for mineral
extraction and in dental amalgam fillings (UNEP 2002).

This applicability of Hg is mirrored in the global amount of produced Hg recorded to be
1800 metric tons/p.a. in 2000, a marked decrease from the early 1980s (Hylander &
Meili 2003; UNEP 2002). An important fraction of emissions of Hg to the atmosphere
comes from different anthropogenic activities and mining products (Gustin et al. 2000;
Hudson et al. 1995; UNEP 2002). Global anthropogenic sources emitted 1960 tonnes of
atmospheric Hg in 2010 (UNEP 2013).

Transport of mercury:
The global distillation effect is based on the physical and chemical properties of

persistent organic pollutants, but has also been applied to the transport of Hg
(Fernandez & Grimalt 2003; Schroeder & Munthe 1998). It predicts that transport of
volatile (and semi-volatile) contaminants in gas phase is achieved through heating in
tropical to temperate areas, wind-driven transportation and then cooling and

subsequent precipitation at higher latitudes or colder areas (Fernandez & Grimalt



2003). The consecutive process of condensation and volatilization is called “the
grasshopper effect” (Fernandez & Grimalt 2003).

Because of its unique characteristics, Hg is most commonly found in vapour form (Hg?)
in the atmosphere (Schroeder & Munthe 1998). These properties make it more
appropriate to compare Hg? to semi-volatile compounds such as PCB and HCB when
considering transport, which implies that also transport of Hg? is governed by the
distillation theory (Schroeder & Munthe 1998). Hg2* can also be deposited over long
distances, but particulate phase Hg is only deposited at intermediate distances
(Schroeder & Munthe 1998). Hg® has an atmospheric lifetime of 0.5-1.7 years that,
through the global distillation effect, ensures that Hg? is a global pollutant (Holmes et al.
2006). Transport in hydrological systems is dependent on the Hg being dissolved or
particulate (Cossa et al. 1994).

Anthropogenic influence on mercury distribution
The anthropogenic effects on the distribution of Hg is implied by the evidence from

Swain (1992), where pre-industrial and modern levels of atmospheric Hg was measured
from sediments in several lakes in North America. Before 1850 levels of Hg deposition
was about 25% in comparison with modern times (Swain et al. 1992). This indication
together with the aforementioned multiple anthropogenic uses for Hg strengthens the
notion that Hg levels have been rising as a result of anthropogenic activity. The
inventory made by the United Nations Environment Programme (UNEP) supports this
theory as they estimated anthropogenic releases to be between 1010-4070 tonnes p.a.
to the air and 1000 tonnes p.a. to the water (UNEP 2013). It has been assessed that 50%
of all anthropogenic emissions to the air enters the global Hg cycle, while the rest is
subject to local deposition (Mason et al. 1994). The major sources of these emissions are
the artisanal and small-scale gold mining industry (37%) and burning of coal (24%)
(UNEP 2013). It has been proposed that for the complete removal of all anthropogenic
Hg in the oceans and air it would take 15 - 20 years after ending anthropogenic

emissions (Mason et al. 1994).



1.1.2 The mercury cycle
The Hg cycle consists of three main phases; air, water and sediment phase (Brosset

1981). Both natural and anthropogenic sources are taken into account in the following
description.

Hg is found with a crustal abundance of 0.5 ppm usually associated with minerals, e.g.
cinnabar which constitutes 86.2% Hg in pure form, and at low concentration in the
biosphere (Schroeder & Munthe 1998; Snl.no 2007; UNEP 2002). Substrates rich in Hg
are often associated with recent volcanism, tectonic plate boundaries and high crustal
heat flow (Gustin et al. 2000). Natural weathering of bedrock with high Hg content may
contribute to in-lake Hg concentration and varies between different regions in

accordance with changes in geology (Downs et al. 1998).

Hg? is released into the air as vapour from volcanic activities, re-emissions or
anthropogenic sources (Brosset 1981; UNEP 2013). The distribution between these
sources have been estimated to be 10% from geological sources, 30% from
anthropogenic and 60% from re-emissions (UNEP 2013). Re-emission is a natural
process where Hg is converted to its elemental form, but it is not possible to classify it as
either of a natural or anthropogenic source because its origin is difficult to pinpoint
(UNEP 2013). In the atmosphere Hg? undergoes photochemical oxidation to Hg?+, a
more soluble and inorganic form, or CH3Hg* (methylmercury, MeHg) before it can be
deposited with precipitation (Brosset 1981; Iverfeldt & Lindqvist 1986). Removal from
the air is through dry deposition of Hg2*, particulate Hg or CH3Hg*, or wet deposition in
rain, snow or fog droplets (Brosset 1981; Downs et al. 1998). Atmospheric photo
reduction also produces Hg? from Hg(OH)2 and Hg(SH): (Downs et al. 1998). In addition
to Hg?+, other forms of Hg; dimethyl-Hg ((CH3)2Hg), MeHg and particulate bound Hg is
also known to exist in the atmosphere in small quantities (Downs et al. 1998). Acidic
components in the atmosphere increase the Hg deposition (Downs et al. 1998). The
efficiency of a rainfall to deposit Hg also influences the total amount of Hg removed from

the atmosphere at a given location or time (Downs et al. 1998).

HgZ* and MeHg enters the water phase as either dry or wet deposition, and inorganic Hg
from the atmosphere is thought to be the major source for Hg to freshwater lakes

without point sources (Bloom & Fitzgerald 1988; Brosset 1981; Mierle 1990; Wiener et



al. 1990). Other important sources to MeHg concentrations are runoff from wetlands
and in-lake methylation (Rudd 1995). MeHg can remain suspended in unaltered form
(Brosset 1981) or reduced to Hg?. In reduced form, it can be re-emitted into the
atmosphere (Brosset 1981). MeHg is the suspended form in water (Brosset 1981). MeHg
suspended in water can enter the sediments and be stored as HgS (Brosset 1981). The
ocean is proposed as a significant sink for Hg in the Hg cycle (Hudson et al. 1995). Over
the last century the concentration of Hg in the top-level of the ocean is estimated to have
been doubled as a direct effect of anthropogenic activity. Due to the slow transfer the

concentration in the deeper levels only have increased by 10-25% (UNEP 2013).

1.1.3 Toxicity of mercury
Both inorganic and organic forms of Hg are toxic to living organisms (Gilbert 2010).

Humans can be exposed to inorganic Hg through inhalation of Hg?, which is easily
absorbed in the blood, while the uptake from the intestine is very limited (Gilbert 2010).
Due to bioaccumulation and subsequent bioconcentration and biomagnification Hg is
available to humans mainly through consumption of fish (Pirrone & Wichmann-Fiebig
2003). The organic forms of Hg (e.g. MeHg) is very lipid soluble and from an oral dose,
90-100% is adsorbed in humans, whereas less than 0.01% is gastro-intestinally
adsorbed when elemental Hg is taken orally (Langford & Ferner 1999). More than 95%
of THg measured in fish muscle is present as MeHg (Bloom 1992). After uptake from the
intestines in humans, MeHg is transported to different organs by lymph and blood (Dietz
et al. 2013). MeHg entering an organism can be excreted, stored or demethylated
(Walker et al. 2012). In humans MeHg is excreted with the bile, but as it goes through
the liver and intestine it can undergo enterohepatic recirculation, forming inorganic
salts in the blood cells (Langford & Ferner 1999). This excretory pathway has been
implied in fish, as studies have shown accumulation of Hg in the digestive tract,
suspected to originate from the bile (Simon & Boudou 2001). Another possible excretory
route is through deposition of eggs by female fish (Hammerschmidt et al. 1999). MeHg
can cross the blood-brain barrier as well as the placenta because MeHg in cysteine form
it resembles methionine (Taylor et al. 1975). Methionine and its derivatives are crucial
in the protein synthesis, synthesis of cysteine and other essential biologic processes in
mammals (Finkelstein 1990). MeHg can take part in the methionine cycle, which has no
adverse effects at low concentrations, but result in toxicity at high concentrations

(Ralston 2008).



Hg-poisoning in fish is manifested in reduced growth, prolonged developmental time,
decreased cardiac activity as well as decreased reproduction and immune system
activity, neurological defects and damages to internal organs (Dietz et al. 2000).
Embryos of grayling (Thymallus thymallus) exposed to MeHg concentrations of 0.27ug -
20pg Hg/L experience permanent impairment of their feeding habits, along with
decreased competition efficiency (Fjeld et al. 1998). Symptoms of intoxication for
humans include disturbances in the nervous system, vision, hearing and ADHD, as Hg?
transfers across the blood-brain barrier and is oxidized, leading to accumulation of Hg in
the brain (Gilbert 2010; Weiss & Landrigan 2000). Further toxicological effect of high
MeHg intake is malfunctioning nervous systems and interruption of the normal foetal
development (Gilbert 2010; Iyengar & Rapp 2001). MeHg is also classified as a possible

human carcinogen (Pirrone & Wichmann-Fiebig 2003).

1.2 Watershed processes and aquatic chemistry

1.2.2 Watershed characteristics
Processes in the watershed highly influence the aquatic chemistry of residing lakes and

this in turn affects the in-lake Hg levels (Ullrich et al. 2001). The specific characteristics
of each watershed, i.e. catchment type, organic content of the soil and land use is
determining the chemical environment of the lakes, influencing transport and behaviour
of Hg species (Bringmark 1997). The main sources to Hg in lakes are either
transportation through run-off, atmospheric deposition or released from point sources
(Rudd 1995). All three can be said to depend on watershed characteristics through soil
organic content, location and land use. In addition the watershed indirectly influence the
speciation of Hg, inhibiting or facilitating in-lake methylation and demethylation (Ullrich
et al. 2001). The watershed’s geographical position is also important when considering
the distribution of selenium (Se). Se is a known antagonist to Hg, it is unevenly
distributed in soil and Norway is known to be a Se-poor area (Frgslie et al. 1985;

Oldfield 2002).

Methylation in aquatic environments is mainly occurring in sediments and to some
extent in the water column (Callister & Winfrey 1986; Furutani & Rudd 1980). It should

be kept in mind however, that lakes have a larger volume of water than sediments, and



as such methylation in the water column can be substantial (Ullrich et al. 2001).
Methylation can occur through biomethylation or abiotic methylation (Ullrich et al.
2001). Biomethylation was first discovered in sediments (Jensen & Jernelov 1969).
Biomethylation can either be enzymatic or non-enzymatic and is undertaken by
anaerobes, facultative anaerobes or aerobe organisms, with sulphate-reducing bacteria
as the main methylator (Compeau & Bartha 1985). The rate of methylation is assumed
to be highest under anaerobic conditions (Compeau & Bartha 1985). Abiotic methylation
is a chemical reaction where methyl-donors are present (Ullrich et al. 2001). Examples
of assumed methyl-donors are organosiloxanes, silicon related substances and humic
material (Nagase et al. 1988; Weber 1993). The demethylation process is also subject to
either biotic or abiotic processes in the sediment or water column (Ullrich et al. 2001).
MeHg is mainly decomposed by microbial aerobic activity, although anaerobic microbial
activity is also known (Oremland et al. 1991; Winfrey & Rudd 1990). Abiotic
demethylation appears to be photolytic and as such only occurs in the sunlit areas of the
lake and not in deep sediments (Ullrich et al. 2001). Six factors have been highlighted as
important factors affecting the methylation; microbiology, temperature, pH, organic
material and sulphide. These will be accounted for in the following sections in addition
to Se. Redox conditions also influence methylation, but will not be addressed here.

Microbiology will be mentioned, but is not a main focus of this study.

1.2.3 Factors influencing bioavailability
Factors that influence methylation of Hg in freshwater systems varies among locations

(Gilmour & Henry 1991). In this study the main focus will be on temperature, pH,

organic material, sulphide and Se.

Microbiology
Methylation of Hg is correlated with sulphate-reduction rates and the distribution of

sulphate-reducing bacteria, implying that this is an important methylating organism,
although not all the sulphate-reducing bacteria are methylators (King et al. 2000;
Macalady et al. 2000; Ullrich et al. 2001). Due to the bacteria’s need for nutrients the
methylation rates are highest in the upper layers of sediments and in organically
enriched areas (Callister & Winfrey 1986). Flooding of an area is assumed to increase
the rates in reservoirs (Porvari & Verta 1995), and it is therefore possible that the

frequency of flooding events in a watershed can impact the Hg levels of lakes.



Temperature
The methylation rate in aquatic systems has been observed to be positively correlated

with temperature (Callister & Winfrey 1986; Watras et al. 1995). This might suggest
implications with a change in climate, leading to more methylation in areas with climate
change-induced temperature rise. The correlation with temperature is mainly due to
overall microbial activity being increased as a response to higher temperatures (Bisogni
& Lawrence 1975). Higher temperatures seem to favour methylation, while lower

temperatures favours demethylation (Ramlal et al. 1993).

pH
In water the volatilization of Hg is pH dependent and an acidic environment decreases

the biotic rate of volatilization (Steffan et al. 1988). The same reduction applies to Hg?+,
resulting in more Hg? (Brosset 1981). Both Hg? and (CH3):Hg* can be released from
surface waters, but as (CH3):Hg* is most often formed at a pH greater than seven re-

emission of this form would be negligible in low-pH lakes (Steffan et al. 1988).

Lowering the pH in the water column increases methylation and decreases
demethylation (Gilmour & Henry 1991). In sediments pH influence the relative rates of
methylation and demethylation by inhibiting methylation to a higher degree than
demethylation when lowering the pH, resulting in a lower net methylation rate (Ramlal
et al. 1985; Steffan et al. 1988). This decrease may be because of depleted concentration
of available Hg, due to an increase of Hg-binding sites on particles and production of HgS
in the sediments (Ramlal et al. 1985). This implies that acidification of sediments are not

the source for increased THg concentrations in freshwater fish (Ramlal et al. 1985).

Organic material
The influence of dissolved organic carbon (DOC) on MeHg concentrations in freshwater

fish is complicated and twofold. The concentrations of DOC is positively related to the
concentration of MeHg in the water column (Driscoll et al. 1995), the methylation rate in
sediments (Callister & Winfrey 1986) and also to THg concentrations in fish (Fjeld &
Rognerud 1993). DOC was suggested to be consequential in transporting THg to lakes,
but is also inhibiting the bioavailability of MeHg in the water column (Driscoll et al.
1995). High DOC concentrations, exemplified in the study by Driscoll et al. (1995) with

concentrations of 24 mg C/L, seems to exert a limiting effect on MeHg concentrations in



freshwater fish by forming ligands with Hg and making it less bioavailable, while low
DOC concentrations (exemplified by 8 mg C/L) induce the opposite effect (Driscoll et al.
1995). DOC is also necessary for the bacterial activity and as such it can influence the net
Hg in a lake, increasing it at higher DOC concentrations (Callister & Winfrey 1986;
Winfrey & Rudd 1990). The rise in DOC concentrations in the Northern hemisphere have
been attributed to the decline in acid rain effects as ecosystems recover, due to the
removal effect of acid on DOC, resulting in more Hg available for methylation (Gilmour &
Henry 1991; Monteith et al. 2007). This could imply a higher flow of DOC to lakes in the
future, leading to an increase of THg concentrations in today’s low DOC lakes, and
possibly a decrease in THg concentrations in already high-DOC lakes. Other metals also
influence the bioavailability of MeHg, e.g. aluminium (Al) complex with DOC, inhibiting
MeHg-complexing and leading to an increased bioavailability of MeHg (Driscoll et al.
1995). DOC can remove Hg from the water column by deposition of particles bound to
Hg, storing it as HgS (Watras et al. 1995). Particle size influence deposition and
ultimately also bioconcentration, as Hg is more strongly adsorbed to smaller particles
(Watras et al. 1995). MeHg sorbed to particles can be taken up into the food web
through direct ingestion or through bacteria that degrade these particles (Gilmour &

Henry 1991).

Sulphate
Sulphate exhibits both inhibitions and facilitations of Hg-methylation, as too low or too

high sulphate concentrations limits methylation (Gilmour & Henry 1991). The optimal
range is subject to variation among lakes due to other factors influencing sulphate
concentration (Gilmour & Henry 1991). In anaerobic sediments sulphate-reducing
bacteria may produce HgS, a highly insoluble form unavailable for methylation, but the
same bacteria have also been connected to methylation of Hg when coupled with acid

precipitations (Steffan et al. 1988).

Selenium
Se is an essential trace element and for fish in the U.S considered to be one of the most

dangerous after Hg (Janz et al. 2010; Luoma & Presser 2009). Se is also essential to
eukaryotes and possesses antioxidant- and anticancer properties in addition to
contributing to homeostasis of the normal thyroid hormone (Burger et al. 2013;

Lobanov et al. 2009; Raymond & Ralston 2004). Se is found in two of the essential amino



acids in humans, which are further incorporated in proteins, producing selenoproteins
(Burger et al. 2013; Raymond & Ralston 2004 ). These proteins serve significant
functions in the brain, pituitary, and thyroid tissue (Burger et al. 2013; Pelletier 1986).
Fish have the highest number of selenoproteins found in biota with 30-37, surpassing

the 25 found in humans (Brandt-Jensen 2013; Janz 2012; Lobanov et al. 2009).

Se is metalloid and is cycled both biologically and geochemically (Janz 2012). In aquatic
habitats it is found in the form of selenate (SeO4%) and selenite (SeO3?%-), species who'’s
mobility and solubility are governed by pH and increases with increasing pH (Janz
2012). Se has a high potential of bioaccumulation and in some cases biomagnification, as
primary producers (predominantly algae) ingest selenate or selenite and convert it to
organselenides, a form that is also found suspended in the water column (Janz 2012). Se
behaves similarly to persistent organic contaminants, as the organoselenium can be
transferred to higher trophic levels through the digestive system, i.e. biomagnified (Janz
2012). The enrichment factor of the base step from water to algae can vary from 100 to
1,000,000 (Stewart et al. 2010). Fish are more sensitive to Se toxicity than the lower
trophic biota (Janz et al. 2010). In mammals Se is excreted through the urinary or
heptobiliary system, but the importance of these excretory routes in fish are unknown

(Janz 2012).

Selenium-mercury interaction
Se is an antagonist to several other trace metals in fish, one of which is Hg (Janz 2012).

Five possible mechanisms for how Se can counter Hg toxicity have been suggested: 1) Se
displace Hg to less sensitive organs, 2) Se competes with Hg about cleavage, 3) Se forms
a complex with Hg, 4) Se converts Hg to less adverse forms, 5) Hg induce oxidative
stress, which Se ameliorate (Garcia-Barrera et al. 2012). The chemical forms of Hg and
Se control the type of interaction between them (Cuvin-Aralar & Furness 1991).
Metallothionein is the compound that usually binds to and retains Hg in the body and is
responsible for the retention of Hg (Cuvin-Aralar & Furness 1991), possibly protecting
mammals from Hg toxicity (Wisniewska et al. 1970). When treated with selenium, Hg is
inhibited from binding to metallothionein and instead diverted to other higher
molecular weight proteins (Cuvin-Aralar & Furness 1991), and in a study of rats
redistributing Hg in to components thought to be less critical (Chen et al. 1974). Hg in

mammals is presumed to be distributed to the muscle when diverted from the kidney by



Se (Cuvin-Aralar & Furness 1991). In mammals Se in the form of selenite, counter Hg2+
toxicity by producing inert mercuric selenide (HgSe) (Burk et al. 1974; Parizek &
Ostradalova 1967). Neurotoxicity in rats induced by MeHg has in studies been countered
by selenate and selenite, with selenite as the most effective (Ohi et al. 1976). One of the
supported theories today is focused on MeHg's disruptive role on the Se protein cycle,
where it forms either an organic or inorganic Hg-selenide complex tying up both Hg and
Se as unsoluble and less toxic (Peterson et al. 2009b; Ralston & Raymond 2010; Yang et
al. 2008). Hg has a high affinity to Se and creates very low soluble molecules, which is
metabolically inactive (Raymond & Ralston 2004). This process strengthen the
importance of having sufficient Se to detoxify Hg and keep up the synthesis of

selenoprotein (Ralston 2008; Raymond & Ralston 2004).

Studies have shown the antagonistic effect of Se on MeHg in pike (Esox lucius) (Paulsson
& Lundbergh 1991) as well as in other freshwater fish species, where MeHg is removed
from the whole body when the fish is supplied with Se (Belzile et al. 2006; Bjerregaard
etal. 2011). Se has been used as treatment in several lakes, which deals with high Hg
concentration in fish (Bjerregaard et al. 2011). Especially good results have been show
for the fish species perch (Perca fluviantilis), roach (Rutilus rutilus), and pike (Paulsson &
Lundbergh 1991). In studies of pike, the uptake of Hg was affected by the amount of Se
present in the diet (perch) and the body burden of Hg was reduced by 5-11% when the

Se content was increased (Turner & Swick 1983).

Due to this antagonistic relationship it has been proposed that recommended
consumption of fish in high-Hg environment should take into account the Se
concentration in fish as well as Hg, for a more comprehensive assessment of the Hg
available to humans (Kaneko & Ralston 2007; Peterson et al. 2009b; Ralston et al. 2007;
Ralston 2008; Ralston et al. 2008). The molar ratio between Hg and Se in fish muscle for
human consumption should close to 1, or in the favour of Se, for Se to be able to
counteract the consequences of Hg toxicity (Peterson et al. 2009b; Ralston 2008). In fish,
both marine and freshwater, studies are not consistent in exhibiting a correlation

between Se and Hg of 1:1 (Cuvin-Aralar & Furness 1991).
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1.3 Food web implications for mercury
MeHg, as opposed to inorganic Hg, poses a toxicological problem for biota as it not only

bioaccumulates, but also bioconcentrate (Dietz et al. 2013) and biomagnifies in food
web (Atwell et al. 1998). Bioaccumulation takes place when a substance is taken up by
an organism and the amount gets progressively larger because the rate of uptake
surpasses the organism’s ability to excrete it (International Union of Pure and Applied
Chemistry 1993). Bioconcentration is defined as the process ending in a higher
concentration of a substance in an organism than in the surrounding media
(International Union of Pure and Applied Chemistry 1993). Biomagnification is a term
used to describe the process where a substance is concentrated from food to the

organism eating (International Union of Pure and Applied Chemistry 1993).

Phytoplankton accumulating Hg from the water column incorporates inorganic Hg by
binding it to thiol-groups (-SH) in the algal membrane, but MeHg on the other hand is
stored in the cytoplasm of the cell (Downs et al. 1998). The cytoplasm is digested by
zooplankton, but they excrete the cell membrane, leading to a bioconcentration of MeHg
(Mason et al. 1995). The transfer from zooplankton to fish follows the same process and
from prey species to predator species of fish the bioaccumulation occurs, as MeHg is
stored in muscle or organs of organisms over their lifetime (Atwell et al. 1998; Mason et
al. 1995). This implies that bioaccumulation is correlated with an organism’s age. MeHg
can be taken up by fish through five routes: food ingestion, absorption over the gills,
through external mucus layer, water ingestion and by production of gastrointestinal
bacteria (Downs et al. 1998). In fish MeHg is often found in muscle, as it is retained in

protein (Mason et al. 1995), but also in liver and kidney (Kidd & Batchelar 2012).

Biomagnification of MeHg is the result of increased MeHg levels in the organism through
the food web, where the top-predators often show the highest levels (Atwell et al. 1998).
The level of MeHg in biota occupying higher trophic positions is considered to be
determined by the exposure at the bottom of the food web (de Wit et al. 2012). This is
due to similar trophic enrichment across the study sites, leaving only the base level of
MeHg as explanation of different MeHg concentration in the biota (de Wit et al. 2012).
Biodilution is a theory used for explaining variable levels of persistent pollutants in

individuals of fish with different growth patterns (Hammar et al. 1993; Madenjian et al.
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1994). Fish with lower growth rates contain higher levels of persistent pollutants per
growth dependable unit (e.g. length - cm, weight - g), than individuals with higher
growth rates (Downs et al. 1998; Hammar et al. 1993; Sharma et al. 2008). This implies
that different individuals in the same lake may acquire different levels of Hg over the
same timespan due to differing growth rates and that an individual’s growth would be
correlated with Hg content. Food choice may also influence the individual level of Hg in
fish from the same lake (Rosseland 2014, personal communication) (Sharma et al.
2008). This has been implied in Atlantic sea lamprey (Petromyzon marinus), as different
species will inhabit different trophic levels and forage differently, leading to disparate

Hg concentrations available for their predators (Drevnik et al. 2006).

To determine an individual’s place in the food web and ascertain its food choices, stable
isotopes 61°N and 313C are very useful when supplied with a baseline (Post 2002). The
nitrogen isotopes determine the trophic placement, while carbon isotopes displays the
importance of different primary producers (Rognerud et al. 2003). The 61°N is derived
from the ratio between the two nitrogen isotopes 1°N and 4N (Minagawa & Wada 1984).
As 15N and 13C are the heavier isotopes, the ratio of 15N:14N and 13C:12C will increase with
trophic level, due to the higher reactivity and weaker bonds formed by the lighter
isotopes (Rognerud et al. 2003). This technique enables the determination of the
continuous measure of the flow of isotopes in an organism over its lifetime (Post 2002).
The 815 N is increased by 3-4%o from one trophic level to the next and can therefore be
used as a signifier for an individual’s place in the food web compared to other organisms
(Minagawa & Wada 1984). Because the distinctive nitrogen isotope signatures of each
lake, a correction of the results have to be made before comparing different aquatic
systems (Rognerud et al. 2003). This correction is achieved by using the baseline
signature of each lake (Rognerud et al. 2003). 313C can be used to determine an
organism’s source of carbon (Post 2002). This is because carbon is fractioned during
photosynthesis, creating a specific signature for terrestrial (-29%o to -26%0) and pelagic
(-36%o0 to -30%o0) carbon sources as the fractionation in terrestrial plants is less
effective (Gannes et al. 1998; Rognerud et al. 2003). Trophic levels are enriched with

approximately 0.8%o units of 813C (Zanden & Rasmussen 2001).
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1.4 Status for southeastern Norway catchment area Glomma

1.4.2 Mercury sources
Hg levels in Norway have been a targeted pollution problem, and emission from

Norwegian sources were estimated to be 900 kg in 2008, this is a reduction from 6
tonnes in 1985 (Klima- og forurensningsdirektoratet 2010; Miljgdirektoratet 2012a).
This is below the total Hg deposition in Norway of 2.5 tonnes, implying that most of the
Hg originates from sources outside Norway (Miljgdirektoratet 2012a). The most
important sources of Hg in Norway is emissions from traffic, waste treatment and
production of metal (Klima- og forurensningsdirektoratet 2010). Reducing the amount
of Hg emission is a national goal and Norway is committed to this reduction through

international agreements (Klima- og forurensningsdirektoratet 2010).

1.4.3 Current recommendations for consumption of freshwater fish
The Norwegian Food Safety Authority has put forth a national warning for consumption

of freshwater fish, e.g pike and perch (above 25 cm) because of the high Hg contents
(Miljgdirektoratet 2012a). The EU’s recommended trade limit of Hg, both organic and
inorganic, for all fish species is 0.5 mg/kg (NIFES 2014). Pike is an exception to this limit
and is currently limited at 1 mg/kg (Sundet 2013). The dietary limit is based on the
amount of a substance that is tolerable weekly intake (TWI) without causing negative
effects later in life (NIFES 2014). For MeHg this limit has been set to 3.3ug/kg body
weight per person for the general public and 1.6ug/kg body weight per person
(equivalent of 0.11 mg per week for a person of 70 kg) for sensitive groups i.e. children
(FAO/WHO 2003). This limit is defined as provisional TWI (PTWI) to embrace the lack
of data for Hg, and the possible negative effects of Hg was weighed against the known
beneficial effects of eating fish (FAO/WHO 2003). In this thesis the general trade limit of

0.5 mg/kg will be used as reference in the results, due to the precautionary principle.

In spite of decreased emission of Hg in Europe since 1990, aquatic ecosystems in
Norway continue to be affected by long-range transport (Iverfeldt et al. 1995; Munthe et
al. 2007). Over the last years (1991 - 2008) there has been a marked increase in Hg
concentration in freshwater fish (Fjeld & Rognerud 2008). It is suggested that this
increase is influenced by other factors that impact the input of Hg to water bodies (Fjeld
& Rognerud 2008; Munthe et al. 2007). In relation to this it is noteworthy that the

concentration of DOC in the Nordic countries have been increasing as well (de Wit et al.
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2007; Skjelkvale et al. 2005), as this might affect the methylation rates. Several studies
in @stfold and Akershus counties have reported alarmingly high levels of Hg, far above

the food advice limit (Moseby 2011; Myreng 2013; Svae 2011).

To further investigate the Hg levels in freshwater fish in @stfold County, two different
water bodies from the Glomma catchment area were examined. Representatives for the
upper reaches, only affected by long-range transportation, with less than a handful
species of fish, were the two lakes Djupetjern and Holmetjern. Lake Visterflo represents
the more species diverse, lower reaches of the same watershed as it merges with the

ocean, influenced by brackish water and nearby industry.

1.5 Objectives
The objective of this study was to ascertain the Hg levels of a predator fish, pike, in two

localities within a watershed, seen in context with Se as a possible antagonist of Hg. As
watershed processes and water chemistry influence Hg availability to fish and in the end

also to humans, lead to the formulation of three hypotheses:

1. The effect is not uniform within the watershed, i.e., there are differences in Hg levels

in pike between the two localities within the Glomma catchment area.

2. Possible differences can be attributed to differences in background chemistry.

3. Individual differences in growth and Se within each aquatic system can largely

account for inter-individual variations in Hg levels.

14



2. Method and materials

2.1 Study sites

Glomma water region:
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Figure 1: @stfold county is situated
south-east in Norway (Kartverket 2014).
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(Fig. 2).
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Figure 2: Partly view of catchment area, showing the studied lakes’ position east-west. Lake Vlsterﬂo (light
blue), Lake Djupetjern and Lake Holmetjern (red dots). Connecting rivers and streamlets shown in dark blue,
running from east to west.

2.1.2 Lake Djupetjern (UTM32, East 642386, North 6575083)

Djupetjern is a small lake located in Rakkestad municipality, southeast in Norway. There
are four tributaries to the lake and it covers an area of 0.4 km? (Haande et al. 2012;
Miljgdirektoratet 2014). It is located 161 m.a.s.l. (Haande et al. 2012; Miljgdirektoratet
2014). The lake is non-calcareous, located on bedrock of gneiss and the surrounding
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land is vegetated by boreal, coniferous forest (Fig. 3) (Haande et al. 2012). Lake
Djupetjern is one out of 19 lakes in “Glomma Sgr for @yeren” water region that is being
monitored in relation to the EU’s Waterframework Directive (Haande et al. 2012). The
lake is humic (61.9 mg Pt/l) and presumably affected by acid rain (pH = 5,95) (Haande
et al. 2012; Miljgdirektoratet 2014). The ecological status is classified as moderate/poor
ecological condition (Normalized EQR = 0,40) (Haande et al. 2012).

Species registered in the lake are: European crayfish (Astacus astacus) (last registered in
1998), perch, pike, roach and brown trout (Salmo trutta), all registered in 1993
(Miljgdirektoratet 2014). There are no point sources of Hg to Lake Djupetjern.

Figure 3: Panorama of Lake Djupetjern in Rakkestad (Thrond Haugen)

2.1.3 Lake Holmetjern (UTM 32, East 643106 North 6575690)
Lake Holmetjern is also located in
Rakkestad municipality, south-east of
Norway, 650 metres north-east of
Lake Djupetjern (Miljgdirektoratet
2014). The lake covers an area of 0.6
km? (Fig. 4) (Miljgdirektoratet 2014).
The altitude is 162 m.a.s.l. and there
are three tributaries
(Miljgdirektoratet 2014). There have
not been any registered water
sampling from the lake since 1982
(Miljgdirektoratet 2014). The lake is 4 .
presumably affected by acid rain and Figure 4: The south end of Lake Holmetjern (Kristine @.
has been treated with calcium to Vige)

counter the acidification

(Miljgdirektoratet 2014). The last species registration was conducted in 1993 when
roach, pike, perch and brown trout were observed (Miljgdirektoratet 2014).

2.1.4 Lake Visterflo (UTM32 East 613900 North 6575300)

Visterflo is a larger lake compared to Lake Djupetjern and Lake Holmetjern, situated on
the border between Fredrikstad and Sarpsborg municipalities, in @stfold County
(Haande et al. 2012). The lake is connected to Vestvannet through the river Agardselva
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and empties to Gredker river connecting it to the lower reaches of Glomma (Haande et
al. 2012). Total lake area is 3.3 km2 and due to the lake’s proximity to the sea it is
influenced by the tide (Haande et al. 2012). The surrounding land area comprises mostly
arable land and broadleaf and mixed forests (Fig. 6). Lake Visterflo is also one out of the
19 lakes in the water management unit “Glomma Sgr for @yeren”, which are being
monitored. The lake is moderately calcareous, humic and affected by eutrophication
(600 ug N/L, 18.8 ng totP/L) (Haande et al. 2012). The ecological status of the lake was
classified to a moderate ecological condition (Normalized EQR = < 0.60) in accordance
with the aforementioned Water Framework Directive (Haande et al. 2012).

There has not been undertaken a formal registration of species in Lake Visterflo, but
local recreational fishermen have captured pike, perch, roach, bream (Abramis brama),
bleak (Alburnus alburnus), zander (Sander lucioperca), burbot (Lota lota), ide (Leuciscus
idus), sea trout (Salmo trutta), Atlantic salmon (Salmo salar), European eel (Anguilla
anguilla), ruffe (Acerina cernua), silver bream (Abramis bjoerkna), European minnow,
rudd (Scardinius erythrophthalmus), European chub (Leuciscus cephalus) and dace
(Leuciscus leuciscus).

There are several industries located around Glomma discharging Hg into the catchment
area, further upstream of Lake Visterflo (Borch et al. 2008). This has been measured at
low concentrations in water samples from Lake Visterflo, but could be concentrated in
the food web (Borch et al. 2008).

Figure 6: Lake Visterflo viewed towards the north end (far left), eastwards (middle) and towards the south
end (far right) (Kristine @. Vage)

2.2 Species information

Pike

Pike is the only Norwegian member of the Esocidae family and is widely spread in
Europe (Crossman 1996). In Norway, it is naturally distributed in south-east and north-
east (Finnmark), but due to recent translocation actions it is now spreading along
southern, western and to mid-parts of Norway (Hesthagen & Sandlund 2012).

The pike is recognized by its dorsal fin and anal fin which is situated on the farther part
of its back and is of equal length (Pethon 1989). It can reach sizes of 190 cm and, in
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Norway, the weight of the largest female specimens are about 18 - 20 kg, whereas the
males are known to be around 3 kg (Pethon 1989). Pike is categorized as a mesothermal
cool water fish, with a physiological growth optimum in the range of 18° to 25°C
(Casselman 1978). It can tolerate low oxygen concentrations as far down as 0.3 mg/L in
winter (Casselman 1978). The preferred and natural habitat is shallow, mesotrophic-
eutrophic freshwater (Casselman 1996) and oligotrophic lakes and rivers close to the
coast in the south of Norway (Eriksson & Johnson 1978; Pethon 1989). Shallow areas
with well-developed vegetation cover are important habitat requirements for this
species and catches of pike are usually highest in areas with 35-80% vegetation cover
(Borgstrgm & Hansen 2000; Casselman & Harvey 1973). The pike spawns during spring
(April - May) in shallow, vegetated habitats and one female can produce 250 000 eggs
(Pethon 1989). The sticky eggs are attached to the vegetation and hatches about two
weeks later (Pethon 1989). Vegetation cover is critical for the young-of-the-year (YOY)
pike as their rapid growth leads to expansion of their territories and higher activity,
increasing the predation risk (Casselman 1996). Larger individuals are often found in
deeper waters (Casselman & Harvey 1973). During autumn and winter pike generally
tend to move away from the shallow waters because of ice cover, oxygen levels and loss
of shore vegetation (Casselman 1996).

Pike is a visual and opportunistic predator, mainly active during twilight in periods with
no ice cover, but active during the day in winter when the ice decreases the light levels
in the water (Casselman 1978; Casselman 1996). The fry eats mainly benthic
invertebrates, but as it grows it becomes piscivorous and remains cannibal throughout
its life (Pethon 1989). As a predator, the pike is at the top of the food web and often
function as a top-down control for other fish species (He & Kitchell 1990).

2.3 Fieldwork
All fieldwork was undertaken during the 09.09.2013 - 29.11.2013 period and included a
total effort of 80 gillnet-nights.

Fish-sampling

The data collection of pike in all three lakes was conducted with a combination of
gillnets, rod fishing and electrofishing. We used Nordic multi-mesh gillnets (Appelberg
2000), with 3 m panels of mesh sizes 5, 6.25, 8, 10, 12.5, 15.5, 19.5, 24, 29, 35, 43 and 55
mm and mono-mesh nets with 35 mm, 40mm, 50mm and 60 mm. These were placed
randomly along the littoral zone and in the profundal zone (Appendix 4) (Fig. 7). The
nets were selected to get a representative sample of fish sizes and the additional large
mesh nets were chosen to increase the likelihood of catching larger individuals. A
handheld GPS (Garmin etrex LEGEND CX) was used to record exact net positions and
depth was measured using Plastimo ECHOTEST 2. As complementary fishing, we
performed rod fishing, with wobbler as a lure, and electrofishing in the littoral zone
(Geomega FA3).
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Figure 7: Maps of Lake Visterflo (far left), Lake Djupetjern (right picture- left) and Lake Holmetjern (right
picture - far right) showing placement of the gillnets and where the plankton samples taken.

Sampling of invertebrates and water plants

Three plankton samples were collected in Lake Djupetjern (09.09.2013) and Lake
Visterflo (12.09.2013) using plankton net (20 pm and 100 um) in the pelagic area (Fig.
7). Phytoplankton, zooplankton and water plants were sampled to ascertain and
compare the basal level in the food web to the isotope levels in pike (Kidd et al. 1995;
Rognerud et al. 2002). Collection of invertebrates in Lake Visterflo (12.09.2013) and
Lake Djupetjern (09.09.2013) was done using a hand net in the littoral zone.
Macrophytes were sampled in Lake Djupetjern with the same method. Phytoplankton
and invertebrates were not sampled in Lake Holmetjern due to its proximity to Lake
Djupetjern.

Sampling of water

Water sampling was done 11.03.14 in all three lakes. The samples were taken close to
the outlets with specifically prepared containers from the laboratory.
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2.4 Sample preparation, age and diet determination

Sample preparation

The plankton and invertebrates were stored in plastic vials (50 ml) with water and put
in a refrigerator for 48 hours prior to species determination. The determination of
species was conducted by optical examination, using a stereomicroscope (Leica MS 5).
The water plants were frozen and analysed. The plankton samples were divided into
water fleas (Daphnia)(Fig. 8), copepods (Copepoda) (Fig. 9), dragonfly nymphs
(Odonata), caddis fly larvae (Trichoptera), waterlouse (Acellus aquaticus),
waterscorpion (Nepa cinerea) and then frozen before chemical analysis.

Figure 8: Water flea (Daphnia sp.) (Julie Figure 9: Copepods (Copepoda) (Julie
Tremborg) Trgmborg)
Dissection

All pike (n = 33) and additionally two zanders and one burbot, sampled from the three
lakes were frozen (-20°C) within 6 hours after sampling and thawed approximately 24
hours before dissection.

Dissection followed the EMERGE protocol (Rosseland et al. 2001). Length was measured
to the nearest millimetre from the nose to the end of the caudal fin, using a measuring-
tape. Weight was established by using a weight scale (EKS Quality). The opercula and
otoliths were removed before the fish were opened. Otoliths, scales and bone structures
(metapterygoid and opercula) were stored in paper envelopes. Sex was determined by
examining the gonads (Rosseland et al. 2001). Three pieces of muscle tissue were
extracted from each fish for further THg, Se and N/C isotope analysis (Fig. 10). The
muscle samples were collected from the midsection of the side, towards the dorsal fin
and above the lateral line (Rosseland et al. 2001). Approximately 5 grams of muscle for
stable isotope analysis and 15-20 grams for Hg and Se analysis were taken from each
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fish (Rosseland et al. 2001). Scalpels, scissors and tweezers were sanitized with 96%
ethanol between each fish dissection (Rosseland et al. 2001). Pieces of muscle were
wrapped in aluminium foil and subsequently frozen (Rosseland et al. 2001). On fish < 20
cm the whole muscle on each side were used.

Figure 10: Samples from the muscle was taken from the side, above the lateral line. V1. (Sunniva S.
Hartmann)

Age determination of pike

Age was determined for pike by the use of metapterygoid and operculum. In order to get
the bone structures, the whole fish skull was first separated from the rest of the body,
then submerged in boiling water for a few seconds before the operculum was extracted
and the flesh was removed before extracting the metapterygoid (Fig. 11) (Frost &
Kipling 1959; Sharma & Borgstrom 2007). Both the metapterygoid and the opercula
were dried for 24 hours prior to reading.

Figure 11: Operculum (left) and metapterygoid (right) extracted after the head had been submerged in
boiling water. V1 (Sunniva S. Hartmann)

The age was determined by the metapterygoid as discussed by Sharma & Borgstrgm
(2007). Thin white bands across the bone structure distinguished the winter zones
representing the annuli (Fig. 12) (Sharma & Borgstrom 2007). Both the metapterygoid
and the opercula were examined with a stereomicroscope (Leica MS 5) connected to
Leica DFC320 camera and Adobe Photoshop Elements 2.0.
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Figure 12: Metapterygoid showing the ages (clockwise from top left); 1 year, 2 years, 3 years, 4 years, 5 years

and 6 years. (Sunniva S. Hartmann)

The operculum was also used for age
determination as described by Frost and Kipling
(1959). The annuli on the operculum are visible
as the changes between white zones and
transparent zones on the bone (Fig. 13) (Frost &
Kipling 1959). The white zones correspond to
summer growth and the transparent to winter
growth (Frost & Kipling 1959). The end of the
winter zone represents the end of a year and
constitutes the annuli (Frost & Kipling 1959).
Opercula may have false annuli which was

Figure 13: Operculum, 6 years old.
(Sunniva S. Hartmann)

identified by Frost and Kipling (1959) as the annuli with abrupt, rather than gradual
transition, from the white to the transparent zone. Opercula become progressively
harder to read as the pike grows (Frost & Kipling 1959). This is due to less annual
growth, giving closer annuli, therefore making it difficult to single out false annuli, and
because of a thicker and discoloured base, sometimes obscuring the first and second

annuli (Frost & Kipling 1959).
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Otoliths were used to determine the age of three
individuals of different species, zander and
burbot (Borgstrém & Hansen 2000). The otoliths
were quite thick and was therefore split through
the centre and lightly burned to clarify the
different annuli (Borgstrgm & Hansen 2000). The
annuli are made up of alternating transparent
and white zones, where the transparent zones
mark the winter (Borgstrgm & Hansen 2000).

. ] Figure 14: Burnt otolith from zander, 7
When burning the otolith the transparent zones,  years old. (Sunniva S. Hartmann)

which contains a higher level of carbon, becomes

dark brown and more easily to distinguish (Fig. 14) (Borgstrgm & Hansen 2000). The
otoliths were putin 1,2-propanediol and examined with a stereomicroscope (Leica MS
5) connected to Leica DFC320 camera and Adobe Photoshop Elements 2.0.

The images were further analyzed in Image-pro express 6.3 (Media Cybernetics) to mark
the annuli for back-calculating the growth, both from metapterygoid (Fig. 15) and
operculum (Frost & Kipling 1959; Sharma & Borgstrom 2007). The yearly growth was
calculated in Excel, using the Lea-Dahl equation, which require it to be a direct
proportionality between the body length and the length of the structure (Borgstrgm &
Hansen 2000):

Ln = (Sn/S)*L
Ln = length of the fish in year n

Sn = length of the structure in year n
S = total length of the structure
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Figure 15: Markings of total radius (yellow arrow), outer radius (yellow mark, perpendicular to total radius)
and winterzone 1 and 2 (red marks, perpendicular to total radius). (Sunniva S. Hartmann)

Diet analysis
Opening the stomach and visually examining the contents determined the stomach
content of the pike (Hyslop 1980).

2.5 Chemical analysis

Hg and Se analysis were performed at Environmental and Isotope Labratorium at
Department of Plant- and Environmental Science (IPM) at the NMBU. Isotope analysis
was conducted at Institute for Energy Technology (IFE).

Analysis of total Hg and Se

The pike was analysed for THg. Approximately 1 gram of muscle was weighed and
added 5mL ultra pure (UP) HNO3 and 2 mL UP H202 PA-quality. The samples were
decomposed in UltraClave (MILESTONE) at 260 degrees. The samples were stabilized
with 1mL of concentrated HCI (UP) and diluted to 50 mL with de-ionized water.

Both Hg and Se was analysed with ICP-MS (Agilent 8800) in oxygen reaction-mode. The
instrument was calibrated against known certified standards. Internal standard was
72Ge+ =>72Ge160+ (Se)

197Au+ (Hg)
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Isotope analysis
Stable isotopes of carbon and nitrogen were undertaken at Lillestrgm (IFE) and the
analysis followed their procedures, shortly described here.

Analytical method:

All collected taxa were represented and prepared for analyses of stable isotopes.
Approximately 1.0 mg of muscle from each fish was oven-dried (809C) for more than 12
hours, crushed and homogenized in an agat mortar, before it was weighed and put in tin
capsules. Combustion (1700 2C) of the samples was done with Eurovector EA3028
element analyser. A Cu oven (650 2C) was used to reduce Nox to N2 and H20 was
removed in a chemical trap of Mg(Cl04)2 before a 2 m Poraplot Q GC column separated
N2 and COz. The basis for quantifying the ratio of C/N was the TCD results from the GC. A
Horizon Isotope Ratio Mass Spectrometer (IRMS) from Nu-instruments was used to
determine 5"°C and 8N, by injecting it with Nz and CO..

Accuracy and precision:

Replicate analysis of the internal standard (IFE trout) at IFE in addition to international
standards, were used for accurate and precise measuring of the 61°N and 813C. The
standard was prepared by Soxhlet extraction with CH2Cl2: 7 % CH30H for approximately
2 hours, cleansed with 2N HCI and then rinsed with distilled water to neutral pH. The
IFE trout has been calibrated against IAEA-N-1 and IAEA-N-2 for §"°N and USGS-24
standard for 13C. Average value for IFE trout is 0?®Nair: 11.45%0 * 0.20 (1X) and
0%3Rlyppg :-20.22%0 = 0.19 (1X).

The values were expressed as d-values:

d13C: R=13C/12C

O15N: R= 15N /14N

815N and 613C (%o)= [(RSample/RStandard)-1]*1000.

Correction of isotopes

To correct the isotope values, a common baseline species was established (Trichoptera
sp.) (Rognerud et al. 2003). The correction was done by the author in collaboration with
another student, participating in the same project.

S15N corrected (%o) = 815N (%o0) - 31°N (%o) (Trichoptera sp.)
d13C corrected (%o0) = 813C (%0) - (>N corrected (%o0)/3.4)*0.5

2.6 Quality assurance and statistical analysis

Quality assurance

To validate the accuracy of the analyses a certified reference material was used, DORM-2
(Squalus acanthias) and DORM-3 (fish protein), from the National Research Council
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Canada. Three analyses of all THg samples were performed and the instrument drift was
checked against an internal standard (Salmo trutta). The accuracy of THg and Se
analyses in fish is shown in Table 1. The blanks, limit of detection (LOD) and limit of
quantification (LOQ) is shown in Table 2.

Table 1: Certified values for the reference material DORM-2 and DORM-3. One individual
was analysed separately and its values are shown in brackets.

Reference material | Measured Certified Measured Certified
value (THg value (THg value (Se value (Se
mg/kg) mg/kg) mg/kg) mg/kg)

DORM-2 4.5 (4.3) 4.64 +-0.26 1.5 (1.4) 1.40 +- 0.09

DORM-3 0.43 (0.41) 0.382 +- 0.06 3.5(3.6)

Table 2: Mean value of the blank samples, LOD and LOQ for the analysed series. One
individual was analysed separately and its values are shown in brackets.

THg Se
Blank (n=3) (mg/kg w.w.) <0.01 (<0.01) <LD (<LD)
LOD (mg/kg w.w.) 0.004 0.0009
LOQ (mg/kg w.w.) 0.013 0.0030

Statistical treatment

Statistical analysis and figures were performed in R version R 3.0.2 and RStudio (R
Development Core Team 2012) and Microsoft Excel (2008).

Linear regressions (e.g., THg vs weight) and one-way anovas (e.g., THg vs Population)
were performed using the Im procedure in R.

In order to construct a model that most efficiently explained variation in Hg as function
of lake (“population” or “Se”), biomagnification (§1°N), bioaccumulation (age or size),
and biodilution (last-year growth rate) processes a set of candidate generalized linear
models (GLM) were fitted using the glm-procedure in R. The model that most efficiently
balanced bias and precision was selected by means of AIC model selection (Burnham &
Anderson 2002). The AIC selection was performed using the AICmodavg package in R.
The variables were chosen on the basis of how pike biology interacts with Hg uptake.
Only the ten best models will be presented in the results.
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Holmetjern together, due to their proximity and similarities. By coincidence two zanders

3. Results
For practical reasons the results will be presented by area as Lake Visterflo and
Degernes, the latter grouping the two lakes, and populations, of Djupetjern and

and one burbot were caught in Lake Visterflo, these were sampled and analysed for

isotopes, THg and Se, but will only be used in relation to isotope values and

determination of trophic levels.

General water quality of the three lakes was examined and is shown in Table 3. Due to
the singular sampling, this is only representative of the water chemistry the day of
sampling. The water sampling was not done at the same time as the sampling of pike.
The differences among locations in pH, SO4 and TOC will be accounted for in the
subsequent discussion.

Table 3: Water chemistry variables derived from the water samples. Ecological condition derived from the
standards in the Water Regulation (Haande et al. 2012).

Sampling date Indicator on water Location
quality Djupetjern | Holmetjern | Visterflo
11.03.2014 Turbidity 0.93 1.06 31.80
11.03.2014 pH 5.45 5.74 6.98
11.03.2014 Conductivity 3.10 3.09 7.29
(1S/cm)
11.03.2014 Ca (mg/L) 1.32 1.48 5.41
11.03.2014 Mg (mg/L) 0.51 0.51 1.32
11.03.2014 Na (mg/L) 2.81 2.81 5.52
11.03.2014 K (mg/L) 0.34 0.30 1.14
11.03.2014 Al (ng/L) reactive 162 138 85
11.03.2014 Al (ug/L) il 143 128 71
11.03.2014 Al (ug/L) MS 296 268 458
11.03.2014 Mn (ug/L) MS 15.1 16.1 19.6
11.03.2014 Fe (ug/L) 312 280 653
11.03.2014 Se (ug/L) <1 <1 <1
11.03.2014 Cl (mg/L) 4.61 4.79 8.72
11.03.2014 F (ng/L) 21 22 85
11.03.2014 S04 (mg/L) 2.22 2.40 4.59
11.03.2014 NO3-N (ng/L) 79 83 430
11.03.2014 TOC (mg/L) 8.70 7.60 6.40
11.03.2014 Tot N (ng/L) 375 365 860
26.04.2014 Chemical condition | Very good Not defined | Moderate
26.04.2014 Ecological condition | Moderate/ Not defined | Moderate
poor
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The distribution of age, length, weight and sex in pike caught in Degernes and Lake
Visterflo is shown in Table 4.

Table 4: The distribution of age, weight, length and sex in the samples from Degernes and Lake Visterflo,
given with minimum (min), maximum (max.) and mean values.

Lake Age Weight (g) Length (cm) Sex
Min Mean Max Min Mean Max Min Mean Max F M

Degernes | 0 4.38 9 35 1043.46 1928 | 19.5 53.39 69 6 7
Visterflo |1 3.45 6 144 918.65 2813 | 289 50 82.9 7 13

The diet analysis showed very little, as none of the pike caught in the lakes Djupetjern
and Holmetjern had any stomach contents. In Lake Visterflo two of the sampled pikes
had some stomach contents. Their contents were respectively perch (18.5 cm) and a
smaller pike (19 cm).

There were very different THg and Se concentrations in the different areas, as exhibited
by the F- and p-values from the ANOVA test in Table 5.

Table 5. The Results from the ANOVA test for THg and Se correlations with the population variable.

ANOVA F-value P-value
THg - population 42.27 <0.001
Se - population 174.19 <0.001

Significant correlations are shown with figures, non-significant correlations are listed in
the tables together with significant correlations, but their graphic depiction is found in
Appendix 1-2. The raw data for THg, Se and isotope analyses are found in Appendix 3.

3.1 Degernes

3.1.1 Age and length distribution

The total number of pike caught in the lakes Holmetjern and Djupetjern was 13. Figure
16 shows the distribution between sexes when considering length and age when caught.
The figure exhibits the skewed ratio of older, longer females and younger, shorter males,
making it difficult to distinguish between the growth ratios of the sexes. As expected the
length increased with age (years). Of all age classes 0-9, only 1-year old pike was
missing.
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Figure 16. The correlation between length and age (years)
for pike caught in Degernes, separated by sex.

3.1.2 Mercury

The highest THg value in this study (2.6 mg/kg w.w.) was observed in a 9-year old
female from Degernes and only one individual was below the trade limit (0.5 mg Hg/kg
w.w.) although even this was above the safe consumption limit (0.33 mg/kg w.w.). The
significance of the regressions for the THg-correlations in Degernes is shown in Table 6.

Table 6: Regressions of THg (mg/kg w.w.) and In(THg) (mg/kg w.w.) versus the weight (g.), length (cm.), age
and 815N of pike caught in Degernes with standard error (S.E). Significant correlations (p-value <0.05) are
shown in bold. One individual was excluded from 315N correlations due to lack of isotope sampling.

N Y X Intercept+S.E | SlopetS.E R2 R2.q; | P-value

13 THg Weight | 0.31+0.26 0.00095 % 0.61 | 0.57 0.0016
0.0002

13 In(THg) | Length | -2.05+0.22 0.04 £0.004 0.89 | 0.88 <0.001

13 In(THg) | Age -096+0.17 0.21+£0.031 0.81 | 0.79 <0.001

12 THg 15N -4.24 +1.62 0.71+0.20 0.54 | 0.49 0.0064

Figure 17 shows the correlation between THg and weight when caught, separated by
sex. Female pike shows higher concentration of THg compared to male pike due to their
skewed representation as larger individuals. Without discerning between sexes
individual weight of pike in Degernes explains 61% of the variability in THg
concentrations and the trend is slightly positive and significant (R2=0.61, p-value<0.05).
Length was the variable that explained most of the variation in THg concentration
(R2=0.89, p-value<0.05), the correlation between THg and length is shown in Figure 18.
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Figure 17: The correlation between THg and weight
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Figure 18: the correlation between THg and length
when caught in pike from Degernes. The red line
represents the general trade limit.

represents the general trade limit.

The correlation between THg and age was significant and as seen in the foregoing
figures, the female pike accounts for the highest THg concentrations (Fig. 19). Age was
the second most explanatory variable in Degernes as it explained 81% of the variability
of THg. The equation of regression in Figure 20 indicates a biomagnification rate (BMR)

of 0.7151, although 15N was the least explanatory variable (R2=0.54).
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Figure 19: The correlation between THg and age

(years) in pike from Degernes when caught. The red

line represents the general trade limit.
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Figure 20: The correlation between THg and 815N in
pike from Degernes. The red line represents the
general trade limit
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3.1.3 Selenium

The highest amount of Se in Degernes was 0.62 mg/kg w.w. and observed in the young-
of-the-year (YOY). The significance of the regressions for the Se-correlations in Degernes
is shown in Table 7. All but one of the Se correlations were non-significant and the
corresponding Figures (X1, X2, X3) are found in Appendix 1.

Table 7: Regressions of Se (mg/kg w.w.) and In(Se)(mg/kg w.w.) versus the weight, length, age and 515N of
pike caught in Degernes, with standard error (S.E). Significant correlations (p-value <0.05) are shown in bold.
One individual was excluded from 315N correlations due to lack of sampling.

N Y X Interceptt | SlopeS.E R2 R2 a4 P-value
S.E

13 Se Weight | 0.45+0.052 |-0.000053+ |0.11 | 0.032 |[0.26
0.00004

13 In(Se) | Length |-0.68+0.23 |-0.0047+ 0.09 | 0.017 |0.29
0.004

13 In(Se) | Age -0.79+0.13 |-0.028+0.025 | 0.11 | 0.038 | 0.24

12 Se S15N 0.98+0.24 |-0.076+0.030 | 0.38 | 0.318 | 0.03

The Se correlations showed a negative trend and were not significant when combined
with weight, length and age as influencing variable. The correlation between Se and
length was the least explanatory (R?=0.099). Figure X2 (Appendix 1) shows that this
negative trend was slightly more pronounced when Se was correlated with individual
length, than the correlation with weight (Fig. X3, Appendix 1). The correlation between
Se and age, Figure X3 (Appendix 1), showed the same negative trend. The most
explanatory variable was 61°N, (R2=0.38) Figure 21.
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Figure 21: The correlation between Se and 15N in pike
from Degernes
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3.1.4 Correlation between total mercury and selenium

The molar amount of Se to THg in each individual was used to compute the molar ratio
of Se/THg. The significance of the regressions is shown in Table 8. The correlation of
THg and Se in Degernes, Figure X4 (Appendix 1), varies from the 1:1 molar ratio that
constitutes the lowest ratio for safe consumption according to the theory of Se-weighted
Hg nutritional limits.

Table 8: Regressions of Se versus THg (mmol/kg w.w.), Se/THg (mol/kg w.w.) and In(Se/THg) (mol/kg w.w.)

versus the weight, length, age and 315N of pike caught in Degernes, with standard error (S.E). Significant
correlations (p-value <0.05) are shown in bold. One individual was excluded from 815N correlations in
Degernes due to lack of sampling.

N |Y X Intercept | Slope + S.E Rz RZ 44 P-value
+S.E
13 | Se THg 0.0054 + -0.063 £0.098 | 0.037 | -0.050 | 0.52
0.0007
13 Weight | 0.94 + -0.0010 0.67 0.64 <0.001
In(Se/THg) 0.25 +0.0002
13 Length | 2.30 + -0.046 £ 0.005 | 0.86 0.85 <0.001
In(Se/THg) 0.29
13 Age 1.10 -0.24 £0.035 0.80 0.79 <0.001
In(Se/THg) 0.20
12 | Se/THg 85N | 1550+ | -1.84+0.18 091 [090 |<0.001
1.42

Due to the strong increase in THg levels in Degernes and a slight decrease in Se, with all
increasing growth variables (weight, length and age), the molar ratio of Se:THg shows a
negative trend with increasing molar amount of Se, as seen in Figure X4 (Appendix 1). It
is noteworthy that the highest level of Se was found in the only caught YOY. Figure 22
shows the correlation between the Se:THg ratio and weight as a declining trend. Weight
as a variable had the lowest explanatory power (R2=0.672, p-value<0.05). A negative
trend for the molar ratio of Se:THg was also seen set against length when caught, Fig. 23.
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Figure 22: Correlation of molar ratio Se:THg to Figure 23: Correlation of the molar ratio Se:THg to

weight in pike from Degernes. The red line shows the length in pike from Degernes. The red line shows the
molar ratio limit for safe consumption. molar ratio needed for safe consumption.

The correlation between Se/THg to age was significant and showed the same negative
trend with increasing age (Fig. 24). This was mainly due to the aforementioned strong
positive correlation between THg and age - as Se was not correlated with age. THg was
seen to increase with increasing level of §15N (Fig. 25).
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3.1.5 Isotopes

The mean values of §1°N and 613C were computed to establish the number of trophic
levels in Degernes. Calibration to base level was done using Trichoptera as this species
was found in both Degernes and Lake Visterflo. As seen in Figure 26 pike is at the top of
the food web, followed by perch. The distribution of 61°N indicates four trophic levels in
Degernes.

1 1
6 oo t
2ol8 :]
4 3 I
o o
21 ¢ " Macrophyt
acrophyte
*‘()dcnaray
4 Perch .
= Pike .
= Trichoptera
0 L Water Scorpion =
_2 - -
-4 L
T T T T T
-35 -30 -25 -20 -15

8" c
Figure 30: The trophic levels of the food web in Degernes,
comprising the lakes Djupetjern and Holmetjern, as indicated by the
isotope results from sampled organisms. Perch data was acquired
from (Vage 2014). Filled symbols represent mean value, open
symbols are individual values.

3.2 Lake Visterflo

3.2.1 Age and length distribution

It was caught 20 pikes from Lake Visterflo and, as in Degernes, there was an
overrepresentation of larger, older females and younger, smaller males (Fig. 27). As
expected the length increased with age and all age classes from 1-6 were represented.
There was a skewed sex ratio with 65% males in the collection.
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Figure 27: The length distribution over age (years) in Lake
Visterflo.

3.2.2 Mercury

The highest THg value in Lake Visterflo (0.71 mg/kg w.w.) was from a 6-year old male
and 20% of the individuals caught were above the trade limit, but 45% was above the
dietary limit for safe consumption (Fig. 28). The significance of the regressions for the
THg-correlations in Lake Visterflo is shown in Table 9.

Table 9: Regressions of THg (mg/kg w.w.) and In(THg) (mg/kg w.w.) versus the weight (g.), length (cm.), age
and 815N of pike caught in Lake Visterflo, with standard error (std.error). Significant correlations (p-value
<0.05) are shown in bold.

N Y X Intercept £ | Slope = R2 R2.4; | P-value
Std. error | Std. error
20 In(THg) Weight |-1.83+0.18 | 0.00055+ | 0.40 | 0.37 0.0026
0.0001
20 In(THg) Length | -3.06+£0.36 | 0.034 + 0.58 | 0.55 <0.001
0.006
20 In(THg) Age -2.54+0.14 | 0.34 + 0.82 | 0.81 <0.001
0.037
20 In(THg) 15N -14.38 + 0.94 + 0.75 | 0.74 <0.001
1.73 0.124

The same positive correlation was seen between THg and length in Figure 29. When
considering the limit of safe consumption there was individuals above 45 cm that
seemed to be unhealthy for human consumption, although 36% of these individuals
exhibited healthy THg values and as such this can only be considered a trend.
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Figure 28: The correlation between THg and weight Figure 29: The correlation between THg and length in
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Age also showed a positive correlation to levels of THg (Fig. 30). The results implied that
consumption of pike older than age 6 is unhealthy, as individuals beyond this age were
above the trade limit. When considering the limit for safe consumption (0.3 mg/kg) the
interval for healthy pike is less clear. Some individuals as young as 4 years were found to
exceed this limit, but this was not conform for the whole age class. THg was significantly
and positively correlated with 81°N, with the slop estimate indicating a BMR of 0.94, 515N
explained 75% of the variability in THg variation in Lake Visterflo pike (Fig. 31).
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3.2.3 Selenium

In the total collection of pike from Lake Visterflo the highest value (0.18 mg/kg w.w.)
was observed in two females 4- and 5-years old respectively and the lowest value (0.11
mg/kg w.w.) was found in a 2-year old male. The significance of the regressions for the
Se-correlations in Lake Visterflo is shown in Table 10.

Table 10: Regressions of Se (mg/kg w.w.) and InSe (mg/kg w.w.) versus the weight, length, age and §15N of
pike caught in Lake Visterflo, with standard error (S.E). Significant correlations (p-value <0.05) are shown in
bold.

N Y X Intercept+ | Slope £ S.E | R? R2.4; | P-value
S.E

20 Se Weight 0.14 + 0.0000037 + | 0.02 | -0.03 0.53
0.006 0.000005

20 In(Se) Length -2.03+£0.10 | 0.0017 £ 0.03 |-0.01 0.41

0.002

20 In(Se) | Age -2.05+ 0.02+0.016 | 0.14 | 0.10 0.09
0.064

20 In(Se) | 815N -2.55+0.69 | 0.04+0.050 | 0.04 [-0.01 |[0.39

The Se concentrations exhibited large variation and all variables showed a positive, but
non-significant correlation with Se. The least positive trends were found in the
correlation with length and weight (Fig. X5 and X6 in the Appendix 2). When seeing the
correlation with age (Fig. X7 Appendix 2) and 61°N (X8 Appendix 2) together it seems
that older individuals are not exclusively at the highest trophic level, exemplified by two
females exhibiting the highest Se values (0.18mg/kg w.w.). There is rather a uniform
trophic placement of all the sampled individuals, as the variance of the highest and
lowest 615N signature is less than 3%o.

3.2.4 Correlation between total mercury and selenium

The molar amount of Se to THg in muscle of each individual was used to compute the
molar ratio. The correlation of THg and Se in Lake Visterflo (Fig. X9 Appendix 2) shows a
positive and not significant trend, but deviates strongly from the 1:1 molar ratio that
constitutes the lowest ratio for safe consumption according to the theory of Se-weighted
Hg nutritional limits. Regressions for the correlations between THg, Se and Se/THg to
the variables weight, length, age and 61°N is seen in Table 11.
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Table 11: Regressions of Se/THg and In(Se/THg) (mol/kg w.w.) versus the weight, length, age and 515N of pike
caught in Lake Visterflo, with standard error (S.E). Significant correlations (p-value <0.05) are shown in bold.

N |Y X Intercept+ | Slope+S.E | R? RZ,q; | P-value
S.E
20 | Se THg 0.0016 0.09 £0.052 | 0.14 | 0.10 0.09
0.00009
20 | Se/THg | Weight 2.29+0.27 -0.0007 £ 0.37 | 0.33 0.004
0.0002
20 | In(Se/TH | Length 1.95+0.32 -0.032 = 0.60 | 0.58 <0.001
g) 0.006
20 | In(Se/TH | Age 1.42+0.14 -0.31+ 0.79 | 0.78 <0.001
g) 0.037
20 | Se/THg O15N 20.28+2.51 | -1.34+0.18 |0.75 | 0.74 <0.001

The correlation between Se/THg and all the variables (weight, length, age and 81°N)
shows a negative trend. This could be due to the aforementioned high level of THg
correlated positively with the same variables, in contrast to the Se correlations where
there were only slightly positive trends. Se/THg correlated with weight shows that 65%
of the pike caught in Lake Visterflo lies above the recommended molar ratio limit of 1:1
(Fig. 32). The smallest individuals have the highest Se/THg ratio and are as such the
safest for consumption. The percentage of unhealthy pike holds true also for when the
molar ratio is negatively correlated with length (Fig. 33), age (Fig. 34) and 6!°N (Fig. 35).
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Figure 32: The molar ratio of Se/THg correlated with
weight in pike from Lake Visterflo. The red line
shows the 1:1 molar ratio for safe consumption.
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Figure 33: The molar ratio of Se/THg correlated with

length in pike from Lake Visterflo. The red line shows
the 1:1 molar ratio for safe consumption.

The molar ratio of Se/THg correlates with age and shows that old age not necessarily
corresponds to a low molar ratio, as two of the four individuals aged 5 exceeds the 1:1
(Fig. 34). The correlation of molar ratio Se/THg to 61°N shows that individuals with the
highest 61°N values are below the limit of recommended molar ratio (Fig. 35).

In(Se/THg)=1.42-0.31*age

Se/THg (mol/kg w.w.)

Female

1 2 3 4 5 6
Age when caught

Figure 34: The correlation between molar ratio of
Se/THg and age (years) in pike from Lake Visterflo.
Due to close values not all of the individual points are
visible. The red line shows the 1:1 molar ratio for safe
consumption.
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Figure 35: The correlation between molar ratio of
Se/THg and 815N in pike from Lake Visterflo. Due to
close values not all of the individual points are
visible. The red line shows the 1:1 molar ratio for
safe consumption.
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3.2.5 Isotopes

The mean values of 51°N and 613C were computed and imply three trophic levels in Lake
Visterflo. Calibration to base level was done using Trichoptera, this order was found in
both Degernes and Lake Visterflo. Figure 36 shows at least four trophic levels, where
pike and perch are at the top of the food web, perch slightly exceeding of pike.

24 - Acellus aquaticus

gurbﬁl
ercl .
= Pike .
© Trichoptera
Zander .
0 - Zooplankton .
L]
-2 L
-4 L
T T T T T
-35 -30 -25 -20 -15
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Figure 36: The distribution of trophic levels in Lake Visterflo, as
indicated by the isotope results from the sampled organisms. Perch
data was acquired from (Vige 2014). Filled symbols represent mean
value, open symbols are individual values.

3.3 Comparison of pike from Degernes and Lake Visterflo

3.3.1 Age and length distribution

The age distribution in the two lakes are depicted in Figure 37, where Degernes
exhibited the largest range of age classes from 0-9, with the exception of the 1-year age
class, despite a low collection of pike (n=13). In contrast Lake Visterflo had a higher
number of individuals caught (n=20), but a more narrow distribution with age classes
from 1-6.
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Figure 37: Age (years) frequency in the sampled pike from
Degernes and Lake Visterflo.

When back calculating the lengths-at-age of all individuals there was no obvious
difference between the two populations, although the largest individuals were caught in
Lake Visterflo (Fig. 38). Also the annual growth increment during the preceding growth
season caught was computed for all individuals (Fig. 39).
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Figure 38: Back calculated length for all ages (years) for pike from
Degernes and Lake Visterflo.
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Figure 39: Growth the last year before the pike was caught in Degernes
and Lake Visterflo.

3.3.2 Process-oriented models

Se concentrations exhibited significant between population variation (Table 5), and as
such Se and population could not be included as predictors simultaneously when
predicting THg. The model selection was therefore done in two separate stages, one
considering population with other variables, the other considering Se with other
variables. Hence it was chosen a communal equation for the lakes based on the model
for Se and other variables, and a population specific equation for the model considering
populations of Degernes and Lake Visterflo with other variables.

3.3.3 Mercury

All correlations for THg and weight, length, age and 8°N were significant for both lakes
and were therefore chosen as predictors when computing a model for THg variation in
pike from Degernes and Lake Visterflo. The explanatory variables with population were
tested with both THg and In(THg) as a response, where In(THg) gave the most
supported models, based on the residual analysis and was therefore chosen as model
response. The ten most supported candidate models for In(THg) is presented in Table
12. The most supported model comprised a population * age interaction model,
however, the fourth most supported model had a AAIC = 0.99 and included both age and
last-year-growth as predictors (model 4). Since this model structure entailed effects of
particular interest to my study objectives, and also due to the high support of this model,
[ decided to explore this model’s prediction in more detail.

42



Table 12: The AIC based model selection for Degernes and Lake Visterflo including the population effect for
predicting In(THg) as a response. Models are ordered according to their AIC-support, with the best at the top.

Predictor K | AICc |3AICc |AICcWt | CumWt | LL

1. Population*age when caught 5 14.09 | 0.00 0.26 0.26 -0.89
2. Population+total length+age 5 14.33 | 0.24 0.23 0.49 -1.01
when caught

3. Population+growth the 6 15.06 | 0.97 0.16 0.65 0.15
preceding year+age when

caught+total length

4. Population+age when caught+ 5 15.08 | 0.99 0.16 0.80 -1.39
growth the preceding year

5. Population+total length 4 1691 | 2.82 0.06 0.87 -3.72
6. Population*age when caught* 9 17.20 | 3.10 0.05 0.92 4.49
growth the preceding year

7. Population+ growth the 5 18.26 | 4.16 0.03 0.95 -2.97
preceding year +total length

8. Population* total length 5 19.72 | 5.63 0.02 0.97 -3.71
9. Population+age when caught 4 20.04 | 5.95 0.01 0.98 -5.28
10. Population*total length*age 9 20.86 | 6.77 0.01 0.99 2.66

when caught

The chosen model was applied to the lake-specific datasets and the coefficients can be

seen in Table 13.

Table 13: Coefficients for chosen model including population as a predictor, with standard error (S.E).
Significant correlations (p-value <0.05) are shown in bold.

Estimate S.E T-value P-value
Intercept -0.80 +0.23 -3.39 0.002
Population Lake Visterflo | -1.03 +0.11 -9.13 <0.001
Age when caught 0.20 +0.03 5.50 <0.001
Growth the preceding -0.98 +0.35 -2.77 0.009
year

The THg load in pike increased with decreasing growth the last year before catch and

increased with increasing age, but in Degernes (Fig. 40), this response was more
pronounced and lead to higher levels of THg than in Lake Visterflo (Fig. 41).
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Degernes

Figure 40: Explanatory model for THg concentrations in
Degernes.

Visterflo

Figure 41: Explanatory model for THg concentrations in Lake
Visterflo.
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3.3.4 Selenium effects
When substituting population with Se as predictor of THg a quite similar AIC table for
candidate models resulted. The most supported models shown in Table 14.

Table 14: The AIC based model selection for In(THg) as a response in Degernes and Lake Visterflo, including
the Se predictor.

Predictor K | AlCc SAICc | AICcWt | CumWt | LL

1. Selenium*age when caught 5 [ 11.05 | 0.00 0.82 0.82 0.63
2. Selenium +age when caught+ 5 |16.50 5.44 0.05 0.88 -2.09
growth the preceding year

3. Selenium + total length+age 5 116.99 5.94 0.04 0.92 -2.34
when caught

4. Selenium *age when caught* 9 |17.43 6.38 0.03 0.95 4.37
growth the preceding year

5. Selenium + growth the 6 | 18.42 7.37 0.02 0.97 -1.53

preceding year +age when
caught+total length

6. Selenium +age when caught 4 | 1846 |7.41 0.02 0.99 -4.49
7. Selenium + total length 4 | 22.20 11.15 | 0.00 1 -6.36
8. Selenium * total length*age 9 | 2411 13.06 | 0.00 1 1.03
when caught

9. Selenium + growth the 5 | 24.22 13.17 | 0.00 1 -5.96
preceding year + total length

10. Selenium * total length 5 | 24.54 13.49 | 0.00 1 -6.12

The most supported model included a selenium*age prediction structure. Model
parameter estimates are shown in Table 15.

Table 15: Coefficients for the most supported model including Se as a predictor, with standard error (S.E).
Significant correlations (p-value <0.05) are shown in bold.

Estimate S.E T-value P-value
Intercept -3.51 +0.23 -14.74 <0.001
Selenium 7.33 + 1.05 6.97 <0.001
Age when caught 0.42 +0.05 7.47 <0.001
Selenium: Age when -0.66 +0.20 -3.24 0.003
caught

The model predictions for the most supported model are displayed in Figure 42. THg
load in pike is positively correlated with age and Se load.
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Selenium model

Figure 42: The explanatory model of THg response to increasing Se (Se) levels in
Degernes and Lake Visterflo.

3.3.5 Correlation between total mercury and selenium

All correlations were significant, with the exception of Se as a response to THg, this was
true for both areas. The most notable difference between the Degernes and Lake
Visterflo was the slightly negative correlation between Se and THg in Degernes and the
slightly positive correlation in Lake Visterflo.

3.3.6 Isotopes

The trophic levels in Degernes and Lake Visterflo were determined by the use of 315N
(Fig. 43). There was a clear difference between pike and perch in Degernes, where pike
was at the highest trophic level. In Lake Visterflo there was a high variety in perch 615N
isotopes, leading to the mean perch isotope to be higher than in pike. All the fish in Lake
Visterflo were closely dispersed within one trophic level, indicating an equal trophic
level among pike, perch, burbot and zander. In addition to this, the isotope ratios
implied four trophic levels in Degernes, compared to three in Lake Visterflo. This was
due to the inclusion of macrophytes in Degernes and not so in Lake Visterflo.
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Figure 43: Distribution of trophic levels as indicated by 615N values from organisms sampled in
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Degernes and Lake Visterflo. Pike, perch (Vige 2014) and zander showed with mean and
standard error. Zander and burbot were sampled coincidentally and used in relation to trophic
levels only. Filled symbols represent mean value, open symbols are individual values.
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4. Discussion

4.1 Differences between THg and Se concentrations in Degernes and Lake Visterflo
There was a significant difference between the two localities in relation to both THg and
Se concentrations found in muscle of pike, as seen in the ANOVA-test (Table 5).

Mercury

The highest THg levels were found in Degernes, with both the highest individual
concentration of THg (2.6 mg/kg w.w.) and highest concentration for individuals of 1 kg.
THg from Degernes can be deemed high, as only one individual exhibited below trade
limit values and this was a young-of-the-year. All individuals of 1 kg or more had
>1mg/kg w.w. THg, and implied a trend of individuals becoming unfit for trade when
they became >250g (Fig. 17) or >33cm (Fig. 18). In Lake Visterflo individuals that were
larger than 2 kg and 65 cm tended to be inappropriate for trade. This is four times the
weight and double the length of pike from Degernes which were above the trade limit.
When considering the dietary limit of 0.33 mg Hg/kg this translates to pike above 1 kg
or 52 cm in Lake Visterflo not being safe for human consumption, and in Degernes none
of the individuals would be healthy to ingest. This difference could be expected as the
sea influences Lake Visterflo, and other studies have showed an inverse correlation
between sediment salinity and methylation of Hg?*(Compeau & Bartha 1987). On the
other hand, there are known point sources of Hg in the vicinity of Lake Visterflo
(Miljgdirektoratet 2012b), while Degernes is situated in a more remote area. The
possible reasons for the observed discrepancy between THg concentrations from
Degernes and Lake Visterflo will be analysed in the following paragraph:s.

In comparison, a study from Lake @yern in the Glomma catchment area in @stfold
County, reported THg concentrations in pike to vary from 0.17- 1.03 mg/kg (Moseby
2011). The THg concentrations observed in Degernes are considerably higher. THg
concentrations in Lake Visterflo are within the lower segment of the variation described
by Moseby (2011). Also THg concentrations measured in pike from the Lake Arungen,
located in Akershus County and within the same administrative water region (Glomma),
were below the values from Degernes, but agrees more with the results from Lake
Visterflo (Sharma et al. 2008). Another study from slightly downstream of Lake Visterflo
observed Hg levels in pike to be from 0.12 mg/kg w.w. to 0.62 mg/kg w.w. (Svae 2013)
and shows a variation similar to that in Lake Visterflo. The results from Degernes
corresponds well with some of the higher THg values reported in other freshwater
species (brown trout, European minnow, perch and roach) from the nearby Lake @vre
Sandvannet (0.08 - 2.49 mg/kg THg) presented by Myreng (2013). In relation to Nordic
THg concentrations for pike, Degernes exhibited higher predicted values for a 1 kg pike
(approx. 1.25 mg Hg/kg) while Lake Visterflo showed predicted values for a 1 kg pike
(approx. 0.28 mg Hg/kg) below the Nordic mean for 1 kg pike (0.69 mg Hg/kg) (Munthe
et al. 2007). Historic data shed some light over possible changes that might have taken
place in Degernes and Lake Visterflo, although the results are not possible to compare
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directly, but have been reviewed by the author of this thesis. THg concentrations in Lake
Visterflo from 2013 could be said to be lower than historic data. The THg concentration
in a 1 kg pike was 0.98 mg Hg/kg in 1971 (Underdal 1971), compared to less than 0.3
mg Hg/kg in 2013. Historic data from four lakes in Akershus County exhibited a mean
THg concentration, lower than in Degernes in 2013 (Tzerud et al. 1987). The
comparability of the results from Akershus is somewhat difficult to assess as the THg
concentration for a 1 kg pike was not computed in 1987 and the age was higher in the
sampling from Akershus, but the THg concentration found in Degernes in 2013
corresponds to the higher end of the interval seen by Teerud et al. (1987). Even so it is
noteworthy that the results from Akershus revealed that more than 50% of the
specimens of pike contained > 1 mg Hg/kg (Taerud et al. 1987).

Selenium

The Se level in Lake Visterflo (0.11 - 0.18 mg/kg w.w.) was below the range of Se seen in
pike in other studies (Frgslie et al. 1985). In comparison, the Se level in Degernes (0.25 -
0.62 mg/kg w.w.) was above earlier reported levels in pike from southern Norway
(Fraslie et al. 1985), but within the comparative range of Se from other species in Lake
@vre Sandvannet located within the same stream (Myreng 2013). The Se concentration
in fish from the Degernes area and Lake Lake Visterflo did not overlap although the
length, weight and age of pike from the two areas were comparable; the predicted
concentration of Se in a 1 kg pike was (0.4 mg Se/kg w.w.) in Degernes, higher than in
Lake Visterflo (0.145 mg Se/kg w.w.). The water chemistry showed all three lakes with
similar low values of Se in the water column, but as Se was not quantified below the
detection limit it is not possible to conclude if there is a difference between Degernes
and Lake Visterflo in Se concentrations in the water column.

4.2 The effect of water chemistry and watershed processes on total mercury
concentration in pike from Degernes and Lake Visterflo

In a study by Mason et al. (2000), the effect of water chemistry only extended to
bioaccumulation of MeHg in the primary producers, while it had no observed effect on
the trophic transfer of MeHg at higher trophic levels. This limited effect could be
disputed, as the level of MeHg in biota was determined by the exposure at the bottom of
the food web, due to similar processes between the trophic levels in two different
streams in another study (de Wit et al. 2012). In other words, the main way of entry of
MeHg to fish is through the diet, and as such water chemistry could be said to have an
indirect effect by setting the conditions for how much MeHg is available for trophic
transfer.

Ambient temperature has a positive effect on fish metabolism, which might imply that
an increase in temperature could enhance the uptake of Hg through feeding (Downs et
al. 1998). The three populations are situated in the same county, but there might be

large seasonal differences in temperature. The Degernes area located in the inland and
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comprising two smaller lakes that are surrounded by forest represents, a very small
catchment compared to Lake Visterflo. Lake Visterflo on the other hand is closer to the
coast, covers a larger area, is more unsheltered for wind due to the open landscape, and
in addition has a large part of the river Glomma as catchment area. A study of freshwater
fish showed no increase in THg concentration as a result of increased in-lake
temperature over a five year period, implying that the catchment rather than lake
processes are responding to increased temperatures and thus stimulating a higher
methylation rate (Rosseland et al. 2008). On that ground temperature is more likely to
influence the catchment area, and not the individual lakes directly. The influence of
temperature on water chemistry depends on storage of Hg in the soil, the dilution and
runoff situation and the rate of atmospheric deposition. With this in mind it is easy to
believe that changes would be more pronounced in a small catchment area like
Degernes, compared to the larger and more climatically diverse catchment area feeding
into Lake Visterflo.

Low-pH environment in the aerobic water column could increase methylation and
decrease demethylation (Gilmour & Henry 1991; Xun et al. 1987). The results presented
from Degernes and Lake Visterflo indicates this, as the pH in Degernes is considerably
lower than in Lake Visterflo, facilitating a higher degree of methylation in the water
column, which could indirectly lead to a higher level of THg in pike in Degernes. THg
concentration in the water column was not measured, but one could imagine a high
methylation rate eventually would increase the THg concentrations in pike. Acidic
sediments showed decreased methylation rates in the studies done by Steffan et al.
(1988) and Ramlal et al.(1985), on the other hand the sediment-water interface showed
increased methylation in the studies done by Xun et al. (1987) and Winfrey & Rudd
(1990). The pH in Degernes, compared to Lake Visterflo, should decrease the
methylation in sediments in accordance with Steffan et al. (1988), but increase the
methylation in the surface sediments. The THg concentration in sediments was not
measured as a part of this project, but according to theories of bioaccumulation of MeHg
from the environment, one could expect a rise in the THg concentrations in pike as a
result of a decrease in pH. This line of thought indicates that the significantly higher THg
concentration found in pike from Degernes could be a result of the low pH compared to
Lake Visterflo and as such the result is strengthening the hypotheses of Xun et al. (1987)
and Winfrey & Rudd (1990). Using the additional information of calcium concentration
in the water chemistry, Lake Visterflo could be termed a calcareous lake (Solheim & Moe
2008). Degernes on the other hand comprises two non-calcareous lakes (Solheim & Moe
2008). Jackson et al. (1980) suggested that acidification of non-calcareous lakes could
inhibit the sedimentation of Hg, which implies that Degernes could experience less
sedimentation of Hg as they are more acidic than Lake Visterflo, and thus increase the
amount of Hg available for methylation in the water column.

High DOC combined with an acidic environment will render possible a high methylation
rate and a low demethylation rate in the water column (Miskimmin et al. 1992). As such
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methylation in Degernes could be higher than in Lake Visterflo due to the fact that
Degernes is more acidic and has a higher concentration of TOC in the water column,
which might be the explanation for the high THg concentration in pike in Degernes
compared to Lake Visterflo. When located in the lower reaches of the watershed Lake
Visterflo is the recipient of water from a larger area than Degernes, some of which could
transport DOC-bound Hg. This could lead to a higher concentration of Hg available for
methylation in Lake Visterflo than in Degernes, but as the THg concetrations from pike
does not reflect this, these results are not supporting a high level of Hg transport to Lake
Visterflo.

Natural weathering of bedrock containing Hg can contribute to background
contamination of aquatic systems and influence the bioaccumulation of THg observed in
fish (Downs et al. 1998). Gneisses can contain small amounts of natural Hg (28 ng/g),
while granite can contain between 3.5-117 ng/g of Hg (Downs et al. 1998; Sidle 1993;
Swain et al. 1992). Both gneiss and mica-gneiss are found in the Degernes area, while
the bedrock around Lake Visterflo consists mostly of granite and only minor areas of
gneiss (Garmo & Austnes 2012). If natural weathering of bedrock in situ highly
influences the bioavailable Hg in the lakes, Degernes should exhibit the highest
concentrations of MeHg, given that the granite found around Lake Visterflo is within the
lower segment of the Hg-content variation and is dominated by waters from the upper
river Glomma catchment.

As the sediments of Degernes and Lake Visterflo were not sampled, implications of
sulphate for THg concentrations in pike can only be drawn from circumstantial theory.
In addition to this the sulphate concentration measured in Lake Visterflo was higher
than the measured concentration in Degernes, but not so different that it could lead to
the variation in THg in pike that was observed.

As Se was measured to be present in the water, but at concentrations below the
detection level (<1 pg/L), it is not possible to argue if the concentration of Se in the
water column influences the Hg uptake, but the concentration of Se in pike muscle was
found to be significantly different between Degernes and Lake Visterflo. Degernes
exhibited the highest values. The discrepancy of the Se concentrations mirrors the THg
concentrations, high values of THg paired with high values of Se and vice versa,
supporting the results from Turner & Swick (1983), that the total body burden of Hg in
pike is reduced when complemented with Se in their food, yellow perch (Perca
flavescens), similar to the implied diet of pike from Lake Visterflo. The antagonistic effect
of Se was also supported by a study on European minnows treated with mercuric
chloride and inorganic Se in direct uptake from the water. Groups of fish treated with
both Hg and Se had a higher survival rate, than individuals only experiencing Hg. The
results from Cuvin & Furness (1988) implied the formation of a Hg-Se complex, although
the results were not significant, as elimination rates of Se decreased when fish were
exposed to both Hg and Se simultaneously and that the elimination rate of Hg is not
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decreased by Se (Cuvin & Furness 1988). This is contrary to the findings in the study of a
shrimp (Palaemon elegans), using mercuric chloride and selenium dioxide (Se0O:), where
release of Hg was significantly decreased in Se-treated individuals, as well as a decrease
in Se release when Hg was present (Lucu & Skreblin 1981). The toxicity of the minnows
by Cuvin & Furness (1988) was not evaluated in this study in respect to human
consumption. In view of this, the results from Degernes and Lake Visterflo could be said
to support the theory of Se retention, as it was detected higher concentration of both
elements in pike from Degernes. If both lakes experience sufficient levels of Se in the
water column, the lower level of both THg and Se in Lake Visterflo could be explained by
a lower concentration of Hg decreasing the elimination rate of Se less than in Degernes,
where the higher THg concentration retain more Se.

4.3 The effect of biotic differences within Degernes and Lake Visterflo on total
mercury concentrations in pike

Biotic differences

Pike is known to change diet after their first year from crustaceans and insects to
become piscivorous throughout their lifetime (Pethon 1989). Piscivorous fish occupying
the higher trophic position often exhibit the highest levels of THg due to
biomagnification (Atwell et al. 1998; Campbell et al. 2006; Verta 1990), but the level
depends on the forage fish species (Rosseland 2014, personal communication). The
results from Degernes showed a clear difference in THg concentration between the YOY
and individuals of more than 1 year, implying that the change in diet could influence the
THg the pike is exposed to through digestion, thereby supporting the general consensus
that THg concentration is higher in predators (Cabana & Rasmussen 1994).

The THg levels from both Degernes and Lake Visterflo were positively correlated with
age, which supports the notion that MeHg is bioaccumulated (Mason et al. 2000) in these
lakes, although the correlation was not significant in Degernes. This non-significance in
Degernes may be the result of a low statistical power due to a low number of individuals.
Pike was believed to occupy the highest trophic level in both Degernes and Lake
Visterflo, which was partly confirmed by the 315N signatures. In Degernes the expected
placement was similar to the observed placement, but in Lake Visterflo perch had a
wider trophic distribution that surpassed the pike 81°N signatures, observing large
perch at the top (Vage 2014). This was unexpected, but the difference between the
highest perch and pike signature was less than 3 %o indicating that they are on the same
trophic level in Lake Visterflo. As THg was positively correlated with 615N and both
locations exhibited positive BMR (0.7 Degernes, 0.9 Lake Visterflo), these results are
consistent with other studies, where Hg is seen to increase with trophic level within a
freshwater system (Atwell et al. 1998; Campbell et al. 2006; Kidd et al. 1995) and
implies biomagnification of Hg in both Degernes and Lake Visterflo. The BMR for THg
observed in Degernes and Lake Visterflo are well above the general freshwater variation
(Atwell et al. 1998; Kidd et al. 1995; Moseby 2011; Myreng 2013). The biomagnification
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was further supported by the results from perch acquired from the same systems, pike
had higher THg levels in Degernes, but in Lake Visterflo where some of the perch had a
higher trophic position (Fig. 52) perch also had higher THg values (Vage 2014).
Biomagnification of Hg in pike has been proposed as the reason for high levels of Hg in
this species in Norway (Amundsen et al. 1997; Rosseland 1983).

Biodilution is the result of high growth rate, and as seen in Figures 40 and 41, the
amount of growth the last year before sampling was negatively correlated with THg in
both lakes, which supports the theory of biodilution being an important predictor for
THg in pike. The model that best explains the THg levels between pike from Degernes
and Lake Visterflo incorporated age, which account for the process of THg
bioaccumulation, and growth the last year which account for possible biodilution. Both
age and growth of the fish are results from variation within a population, although the
environment, i.e. temperature and periods of ice-cover on the lake may influence these
variables indirectly. The most pronounced difference between the two areas is that the
model for the two lakes Degernes shows a steeper change in THg with the changing
variables, than Lake Visterflo. This is probably due to the overall lower THg level in Lake
Visterflo compared to Degernes. It could also be because the growth rate appears to be
higher in Lake Visterflo than in Degernes, implying that the effect of biodilution is more
pronounced in Lake Visterflo, lowering the overall THg levels. The results presented
here strongly supports the hypothesis behind the observed decreases in THg
concentration in fish tissue being due to increased growth rate and most probable
biodilution (Desta et al. 2007; Meili et al. 1991; Sharma et al. 2008).

The model that best explained THg levels when population effect (Degernes and Lake
Visterflo) was substituted with Se as predictor also incorporated age as a predictor. The
importance of Se to predict the concentration of THg in pike muscle substantiates the
prevailing theory of Se as an antagonist to Hg and its use to counter high Hg
concentrations in freshwater fish (Bjerregaard et al. 2011; Paulsson & Lundbergh 1991).
In Degernes the Se correlations with weight, length, age and 315N were all negative and it
was only significantly correlated with 61°N, implying no bioaccumulation as has been
proposed by Janz (2012) and Stewart et al. (2010). The BMR for Se was negative,
signifying no biomagnification of this element, disagreeing with the trophic transfer
observed in small sized marine fish (Zhang & Wang 2007). In Lake Visterflo, none of the
correlations were significant, but all showed a positive trend, supporting the hypothesis
of bioaccumulation and biomagnification of Se in six freshwater fish species found by
Mason et al. (2000), in marine copepods (Wang 2002), in juvenile black sea bream
(Acanthopagrus schlegeli) (Zhang & Wang 2007) and bioaccumulation in kidney of
brown trout (Rosseland et al. 2007).
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Selenium:Mercury molar ratio in fish muscle

In relation to human consumption the dose of Hg and Se, are important for Se to be a
successful protector for Hg toxicity (Cuvin-Aralar & Furness 1991; Peterson et al. 2009a;
Peterson et al. 2009b; Ralston 2008). The greatest difference between the molar ratios
of Se:THg in the two areas is that the correlation between THg and Se in Degernes
showed a negative trend with increasing Se concentration, while in Lake Visterflo this
correlation was positive. Neither trend was however, significant and both in Degernes
and Lake Visterflo the populations exhibited far from the advised 1:1 molar correlation.
The negative correlation in Degernes could be because of the very slight negative
correlation in Se for all variables (weight, length, age and 61°N), in comparison to the
strong positive correlation of THg to the same variables. This also implies that Hg is
bioaccumulated and biomagnified at a higher rate than Se, causing a decrease in the
molar ratio over time and growth variables, this is also supported by the BMR for THg
and Se. This can also have caused the negatively correlated observed molar ratio with
weight, length, age and 615N in Degernes and Lake Visterflo. One could imagine Se
concentration to be higher in Degernes than Lake Visterflo if the THg concentration in
pike retained Se, and as such the high THg concentration would indirectly increase the
concentration of Se in pike as well.

The consequence of the observed molar ratio is that few pike caught in Lake Visterflo,
and even less from Degernes, were fit for consumption as they had a molar ratio
exceeding 1. Individuals with a ratio >1 indicates that the fish contains more Se than
THg, and according to the theory of Se antagonism, this would not cause degenerative
effects if digested by humans (Kaneko & Ralston 2007). In Degernes the majority of the
individuals were below the 1:1 molar ratio and therefore should not be recommended
for human consumption. The negative correlation in Degernes implies that THg is
accumulated at a higher rate than Se. In Lake Visterflo there was a positive correlation
and more than half of the individuals were above the 1:1 molar ratio, indicating safe
consumption based on the molar-theory. The results from Degernes and Lake Visterflo
could be said to disagree with Burk et al. (1974) where Se and Hg remained close to 1 in
ratio when the administered doses of each element differed, although the actual levels of
bioavailable Hg and Se in the lakes were not ascertained and as such this support is
based on circumstantial theory.

Another possible influence on both THg and Se concentrations in pike is prey species
diversity (Sharma et al. 2008; Stewart et al. 2010). Since Lake Visterflo has a larger
diversity of species, there will also be a larger diversity of prey available for pike from
this lake. This could imply that pike in Lake Visterflo theoretically has access to prey
species which are not piscivorous and are found at a lower level in the trophic web or
have a higher growth rate, and therefore have a higher degree of biodilution (Rosseland
2014, personal communication). The results presented in this thesis seem to imply an
effect of food choice on THg concentrations in pike from Degernes and Lake Visterflo.
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To put the results of this study into context of healthy or unhealthy there is a need for an
upper limit for Hg, to establish the meaning of “high” and “low” values. Today there
seems to be two main limits in operation, the trade limit and the dietary limit. The trade
limit set by the EU states a no-sale policy of fish fillets with more than 0.5 mg Hg/kg
(Ranneklev et al. 2009). This limit has been incorporated into Norwegian markets
(NIFES 2014). Pike is, for no scientific reason, exempted from this limit and given a
higher limit of 1 mg Hg/kg (Sundet 2013), possibly because Swedish authorities would
have had to ban all lakes containing pike, if the trade limit of 0.5 mg Hg/kg had been
instituted (Rosseland 2014, personal communication). In light of the dietary advice set
by WHO and revised Norwegian food advice (0.3 mg Hg/kg), the increased limit for
trading pike is much too high and might be counter-productive if the goal is to limit the
human intake of toxic substances. The Se present in Degernes and Lake Visterflo is not
capable of countering the toxicity of the MeHg concentration in pike represented by the
molar ratios, which for the majority of sampled individuals were below 1.

Sources of error

The collection of pike in this study had an unbroken line of age classes from 0-9 with
Degernes and Lake Visterflo combined. Between the areas, the two lakes in Degernes
had the largest range of ages, from 0-9, with only age class 1 missing. Lake Visterflo on
the other hand had an unbroken line with less variation in age classes 1-6 years. The
number of pike from Degernes was sparse, with only 13 individuals, compared to 20
from Lake Visterflo. This might have had an effect on the comparative results, as only
ages five and six in Degernes had more than one representative. The higher number of
pike caught in Lake Visterflo improve the back-calculated length and growth data, which
imply that their growth is not yet stagnated when compared to the growth based on the
fewer individuals from Degernes. The differences can, however be a result of few
individuals from Degernes. Ideally the sampling should have been undertaken just after
ice break, as the pike is more active in this period due to spawning and migration
activity (Karas & Lehtonen 1993). The differences between sexes within each lake may
be skewed due to chance, as there was a lack of old males and young females in the
sampling. Correlations have therefore been done based on pooled data in the
populations. Another possible source for discrepancies is age determination, as the
opercula becomes progressively more difficult to read with age, and the metapterygoid
is only valid if the first annuli is rightfully marked (Frost & Kipling 1959; Sharma &
Borgstrom 2007).

4.4 Conclusion

The results confirmed the first hypothesis, as it was a pronounced difference in THg and
Se concentrations between Degernes and Lake Visterflo. The positive correlation
between THg and length, weight and age implies that Hg is bioaccumulated in pike in
both Degernes and Lake Visterflo. The positive correlation of THg and 515N strengthens
biomagnification of Hg as an important predictor of THg concentrations in pike. Se was
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significantly different between the two areas and did not seem to bioaccumulate in pike
from Degernes and Lake Visterflo, contrary to prevailing theory. The significant
differences between the two sampled areas, considering both THg and Se, can be
explained to some extent by the water chemistry and catchment characterization and
size of the two areas.

The second hypothesis was partly supported by the results. As the water chemistry is
based on one sampling only, the discussion of whether the chemical environment of the
two areas are affecting the THg concentrations in pike is more an evaluation of a
snapshot, rather than of a process over time. Of the analysed chemical variables, pH and
TOC have effects that match the observed THg concentrations. Low pH can increase the
methylation rates in the water column and sediment-water interface. As pH differ
between the two areas, this could have influenced the THg concentrations in pike,
especially when seen in relation to the TOC concentrations where high DOC values
combined with acidic environment will increase the methylation of Hg. It is difficult to
ascertain whether natural weathering of bedrock, which might contain Hg, is influencing
the THg difference between populations, as the bedrock was not sampled in this study. If
the bedrock around Lake Visterflo comprises granite of low Hg content, this could imply
there is an effect of bedrock weathering. Sulphate does not seem to have a strong
influence on the methylation rates in freshwater.

The third hypothesis was supported as the models professed that biodilution was an
important mechanism for predicting THg concentrations in pike. As biodilution depends
on individual growth rate it follows that individual differences in growth rate is
instrumental in predicting levels of THg. This implies that biodilution as a process may
be more important in the uptake of MeHg than previously anticipated. Biodilution as the
result of a high growth rate can be able to counter the high Hg levels accumulated in
pike through bioaccumulation and biomagnification. After modelling the populations’
THg concentrations together with the underlying effects and correcting for age, the
strongest influences on THg concentration in addition to biodilution, was Se. It is
difficult to conclude if the background levels of Se have influenced THg in pike, as the
water analyses were imprecise and only showed presence of Se. But as there was no
biomagnification or bioaccumulation of the element there seems to be no individual
differences that can account for the ameliorating of THg in the individuals with a molar
ratio above 1.

This study shows that there are considerable variations of THg concentrations in pike
within the same watershed and strengthens the case for population-specific studies to
determine the level of THg, especially when considering guidelines for consumption. The
Norwegian Food Authorities should be active in their protection of “groups at risk” to
avoid Hg-exposure, and advice strongly against the consumption of pike from both Lake
Djupetjern and Lake Holmetjern in Degernes and Lake Visterflo.
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Appendices
Appendix 1
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Figure X1: Correlation between Se and length in pike
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Appendix 2

Lake Visterflo
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Appendix 3

Raw data from Lake Djupetjern, Lake Holmetjern and Lake Visterflo.

Table I: Raw data for THg and Se samples from pike, burbot (V34) and zander (V32,
V33) from Degernes (Lake Djupetjern, Lake Holmetjern) (H15-H25, V35 and H50) and
Lake Visterflo (Vist 1-V14 and V26-V31). Analysed by Solfrid Lohne, Department of
Environmental Sciences (IMV), NMBU, January - February 2014.

Sample name \ Comment \ Se mg/kg \ Hg mg/kg
Main series

1 Vistl 0.18 0.59
2 V2 0.12 0.10
3 V3 0.13 0.091
4 V4 0.16 0.44
242 V4 0.16 0.44
243 V4 0.16 0.46
244 V4 0.15 0.45
5 V5 0.12 0.33
6 V6 0.15 0.53
7 V7 0.15 0.16
8 V8 0.15 0.17
9 V9 0.14 0.33
10 V10 0.15 0.25
11 V11 0.13 0.12
12 V12 0.18 0.22
13 V13 0.15 0.16
14 Vi4 0.13 0.20
15 V26 0.14 0.47
16 V27 0.13 0.29
69 V27 0.13 0.30
70 V27 0.13 0.30
71 V27 0.14 0.30
17 V28 0.14 0.66
18 V29 0.15 0.71
19 V30 0.11 0.16
20 V31 0.16 0.38
21 V32 0.15 0.40
22 V33 0.17 0.38
23 V34 0.21 0.25
24 V35 0.62 0.30
25 H15 0.39 1.2
26 H16 0.40 1.6
27 H17 0.41 2.6
28 H18 0.41 1.2
29 H19 0.37 2.2
30 H20 0.38 1.8
31 H21 0.35 1.1
32 H22 0.37 1.4
33 H23 0.43 0.91
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34 H24 0.26 0.87
72 H24 0.26 0.80
73 H24 0.24 0.81
74 H24 0.26 0.82
35 H25 0.33 0.52
245 H25 0.33 0.51
246 H25 0.34 0.51
247 H25 0.32 0.51
36 Dorm 2 1.5 4.5
37 Dorm 3 3.5 0.43
38 BL <LD <0,01
39 BL <LD <0,01

40 BL <LD <0,01

Additional series of 1 individual

291 Dorm 2 1.4 4.3
292 Dorm 3 3.6 0.41
293 BL <LD <0,01

294 BL <LD <LD

295 BL <LD <LD

262 Sunniva H50 0.47 1.3

Table II: Raw data for 315N and 813C samples. Analysed by Ingar Johansen, Institute for
Energy Technology (IFE), Kjeller, January-February 2014

ID | Biota | IFENummer |[8”°N |3 [Cc/N |[sign | Analysedato
Fish sampling

Vistl | Fisk 2013-398- 14.28 | -24.38 2.52 () 27.01.2014
121

V2 Fisk 2013-398- 13.00 | -24.69 2.65 () 27.01.2014
122

V3 Fisk 2013-398- 13.05| -25.97 2.62 () 27.01.2014
123

V4 Fisk 2013-398- 14.67 | -24.83 2.61 (&) 27.01.2014
124

V5 Fisk 2013-398- 14.18 | -23.65 2.56 CS 27.01.2014
125

V6 Fisk 2013-398- 1456 | -24.12 2.66 CS 27.01.2014
126

V7 Fisk 2013-398- 13.49 | -25.20 2.83 () 28.01.2014
127

V8 Fisk 2013-398- 13.69 | -23.86 2.83 () 28.01.2014
128

V9 Fisk 2013-398- 14.15| -23.66 2.86 () 28.01.2014
129

V10 Fisk 2013-398- 13.84 | -24.66 2.82 () 28.01.2014
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130

V11 Fisk 2013-398- 13.09 | -23.86 2.87 () 28.01.2014
131

V12 Fisk 2013-398- 13.04 | -22.05 2.87 () 28.01.2014
132

V13 Fisk 2013-398- 13.72 | -24.80 2.80 () 28.01.2014
133

V14 Fisk 2013-398- 13.41 | -23.18 2.80 CS 28.01.2014
134

V26 Fisk 2013-398- 14.08 | -22.85 2.77 CS 28.01.2014
135

V27 Fisk 2013-398- 13.75 | -23.58 2.82 CS 28.01.2014
136

V28 Fisk 2013-398- 14.47 | -22.89 2.81 CS 28.01.2014
137

V29 Fisk 2013-398- 15.03 | -24.68 2.82 CS 28.01.2014
138

V30 Fisk 2013-398- 14.11| -23.10 2.87 CS 28.01.2014
139

V31l Fisk 2013-398- 14.16 | -24.35 2.93 () 28.01.2014
140

V32 Fisk 2013-398- 14.12 | -25.80 2.88 () 28.01.2014
141

V33 Fisk 2013-398- 14.28 | -25.13 2.89 () 28.01.2014
142

V34 Fisk 2013-398- 14.67 | -23.22 3.00 () 28.01.2014
143

H15 Fisk 2013-398- 8.22 | -28.94 2.84 CS 28.01.2014
144

H16 Fisk 2013-398- 8.18 | -29.24 2.82 CS 28.01.2014
145

H17 Fisk 2013-398- 8.47 | -28.64 2.80 CS 28.01.2014
146

H18 Fisk 2013-398- 7.74 | -29.02 2.95 () 28.01.2014
147

H19 Fisk 2013-398- 8.04 | -29.62 2.94 () 28.01.2014
148

H20 Fisk 2013-398- 7.99 | -28.51 2.79 () 28.01.2014
149

H21 Fisk 2013-398- 7.88 | -28.57 2.83 CS 28.01.2014
150

H22 Fisk 2013-398- 7.96 | -27.80 2.89 CS 28.01.2014
151

H23 Fisk 2013-398- 7.91| -29.28 2.84 CS 28.01.2014
152

H24 Fisk 2013-398- 7.62 | -27.76 291 () 28.01.2014
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153

H25 Fisk 2013-398- 7.29 | -29.28 2.84 CS 28.01.2014
154

V35 Fisk 2013-398- 5.80| -32.95 2.90 CS 28.01.2014
155

Sampling of invertebrates and macrophytes

H36 Vannplante 2013-398- -3.65| -31.71 22.80 CS 28.01.2014
156

H37a | Daphnia 2013-398- for lite | -35.48 CS 28.01.2014
157 prove

H37b | Daphnia 2013-398- for lite | -38.84 CS 28.01.2014
158 prove

H38a | Copepode 2013-398- for lite | -35.13 CS 28.01.2014
159 prove

H38b | Copepode 2013-398- for lite | for lite CS 28.01.2014
160 prove prove

H38c | Copepode 2013-398- for lite | -35.33 CS 28.01.2014
161 prove

H39 @yenstikker 2013-398- 3.25| -36.57 3.99 CS 28.01.2014
162

H40 Varflue 2013-398- 2.24 | -32.96 5.46 CS 28.01.2014
163

V4la | Daphnia 2013-398- for lite | -31.07 CS 28.01.2014
164 prove

V41lb | Daphnia 2013-398- 9.44 | -32.45 CS 28.01.2014
165

V42a | Copepode 2013-398- 6.84 | -30.12 CS 28.01.2014
166

V42b | Copepode 2013-398- 10.46 | -31.08 CS 28.01.2014
167

V42c | Copepode 2013-398- for lite | -31.95 CS 28.01.2014
168 prove

V43 Varflue 2013-398- 9.60 | -32.27 5.17 CS 28.01.2014
169

Va4 Acellus 2013-398- 9.15 -28.65 | 4.11 () 28.01.2014

aquaticus 170
V45 Vannskorpion | 2013-398- 4.36 -30.47 |3.44 CS 28.01.2014
(H45? 171
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Appendix 4

Positioning of the gillnets in Lake Djupetjern, Lake Holmetjern and Lake Visterflo

Locality Latitude | Longitude | WP | Date and Comments Type of net
time

Djupetjern | 59.28932 | 11.501904 | 239 | 09.09.2013 | Watersamples
025 52 16:51

Djupetjern | 59.29016 | 11.501965 | 240 | 09.09.2013 | Watersamples
037 21 17:05

Djupetjern | 59.28996 | 11.500602 | 241 | 09.09.2013 | Watersamples
666 98 17:07

Djupetjern | 59.28998 | 11.500257 | 242 | 09.09.2013 | Net Nordic
066 64 17:56 multi-mesh

Djupetjern | 59.28949 | 11.499998 | 243 | 09.09.2013 | Net Nordic
418 31 18:10 multi-mesh

Djupetjern | 59.28920 | 11.501091 | 244 | 09.09.2013 | Net Nordic
181 06 18:17 multi-mesh

Djupetjern | 59.28867 | 11.501771 | 245 | 09.09.2013 | Net Nordic
367 18:40 multi-mesh

Djupetjern | 59.28922 | 11.501617 | 246 | 09.09.2013 | Net Nordic
193 86 18:50 multi-mesh

Djupetjern | 59.28983 | 11.502057 | 247 | 09.09.2013 | Net Nordic
783 49 18:57 multi-mesh

Djupetjern | 59.29031 | 11.502167 | 248 | 09.09.2013 | Net Nordic
342 55 19:04 multi-mesh

Djupetjern | 59.29054 | 11.500061 | 249 | 09.09.2013 | Net Nordic
275 76 19:14 multi-mesh

Djupetjern | 59.28823 | 11.502470 | 250 | 09.09.2013 | Net Mono-mesh
362 22 19:45

Djupetjern | 59.28845 | 11.502682 | 251 | 09.09.2013 | Net Mono-mesh
23 28 19:51

Djupetjern | 59.29065 | 11.503157 | 252 | 09.09.2013 | Net Mono-mesh
767 36 20:10

Holmetjern | 59.29308 | 11.513553 | 278 | 05.11.2013 | Net Mono-mesh
079 61 11:56

Holmetjern | 59.29370 | 11.513085 | 279 | 05.11.2013 | Net Mono-mesh
139 64 12:06

Holmetjern | 59.29386 | 11.512427 | 280 | 05.11.2013 | Net Mono-mesh
299 75 12:09

Holmetjern | 59.29475 | 11.512200 | 281 | 05.11.2013 | Net Mono-mesh
893 35 12:17

Holmetjern | 59.29640 | 11.511447 | 282 | 05.11.2013 | Net Mono-mesh
522 49 12:31

Holmetjern | 59.29685 | 11.511286 | 283 | 05.11.2013 | Net Mono-mesh
634 64 12:36
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Holmetjern | 59.29725 | 11.511618 | 284 | 05.11.2013 | Net Nordic
607 64 12:40 multi-mesh

Holmetjern | 59.29754 | 11.511456 | 285 | 05.11.2013 | Net Nordic
265 12 12:43 multi-mesh

Holmetjern | 59.29856 | 11.511181 | 286 | 05.11.2013 | Net Mono-mesh
859 28 12:50

Holmetjern | 59.29684 | 11.513073 | 287 | 05.11.2013 | Net Nordic
745 49 13:02 multi-mesh

Holmetjern | 59.29636 | 11.514046 | 288 | 05.11.2013 | Net Nordic
985 63 13:07 multi-mesh

Holmetjern | 59.29576 | 11.514279 | 289 | 05.11.2013 | Net Mono-mesh
359 98 13:10

Holmetjern | 59.29544 | 11.513479 | 290 | 05.11.2013 | Net Mono-mesh
155 93 13:17

Holmetjern | 59.29453 | 11.513458 | 291 | 05.11.2013 | Net Mono-mesh
908 14 13:34

Holmetjern | 59.29422 | 11.513442 | 292 | 05.11.2013 | Net Nordic
886 46 13:36 multi-mesh

Holmetjern | 59.29544 | 11.512974 | 300 | 07.11.2013 | Net Nordic
608 92 10:01 multi-mesh

Holmetjern | 59.29335 | 11.512861 | 301 | 07.11.2013 | Net Nordic
278 85 10:06 multi-mesh

Holmetjern | 59.29345 | 11.513164 | 302 | 07.11.2013 | Net Mono-mesh
731 27 10:12

Holmetjern | 59.29366 | 11.513773 | 303 | 07.11.2013 | Net Nordic
157 72 10:19 multi-mesh

Holmetjern | 59.29361 | 11.512674 | 304 | 07.11.2013 | Net Nordic
992 43 10:25 multi-mesh

Holmetjern | 59.29378 | 11.512590 | 305 | 07.11.2013 | Net Nordic
437 69 10:30 multi-mesh

Holmetjern | 59.29425 | 11.513586 | 306 | 07.11.2013 | Net Nordic
786 55 10:36 multi-mesh

Holmetjern | 59.29463 | 11.512085 | 307 | 07.11.2013 | Net Mono-mesh
186 85 10:48

Holmetjern | 59.29529 | 11.512615| 308 | 07.11.2013 | Net Mono-mesh
009 34 11:01

Holmetjern | 59.29549 | 11.512958 | 309 | 07.11.2013 | Net Mono-mesh
268 32 11:05

Holmetjern | 59.29649 | 11.514123 | 310 | 07.11.2013 | Net Mono-mesh
784 58 11:09

Holmetjern | 59.29723 | 11.511581 | 311 | 07.11.2013 | Net Mono-mesh
788 6 11:13

Holmetjern | 59.29758 | 11.512220 | 312 | 07.11.2013 | Net Mono-mesh
187 63 11:19

Holmetjern | 59.29766 | 11.511315 | 313 | 07.11.2013 | Net Mono-mesh
553 72 11:24
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Holmetjern | 59.29789 | 11.511698 | 314 | 07.11.2013 | Net Mono-mesh
754 44 11:28

Visterflo 59.28517 | 11.012142 | 253 | 12.09.2013 | Watersamples
884 21 16:05

Visterflo 59.29778 | 11.001940 | 254 | 12.09.2013 | Watersamples
497 34 17:06

Visterflo 59.30254 | 10.987903 | 255 | 12.09.2013 | Watersamples
295 42 17:52

Visterflo 59.30363 | 11.007731 | 256 | 12.09.2013 | Net Mono-mesh
981 73 18:25

Visterflo 59.30134 | 11.008444 | 257 | 12.09.2013 | Net Mono-mesh
778 28 18:29

Visterflo 59.29919 | 11.008221 | 258 | 12.09.2013 | Net Mono-mesh
246 66 18:35

Visterflo 59.29833 | 11.008283 | 259 | 12.09.2013 | Net Mono-mesh
767 85 18:40

Visterflo 59.29760 | 11.009348 | 260 | 12.09.2013 | Net Mono-mesh
241 6 18:45

Visterflo 59.30371 | 10.996375 | 261 | 12.09.2013 | Net Nordic
575 85 19:11 multi-mesh

Visterflo 59.30395 | 10.996903 | 262 | 12.09.2013 | Net Nordic
656 07 19:16 multi-mesh

Visterflo 59.30450 | 10.994409 | 339 | 28.11.2013 | Net Nordic
122 29 16:56 multi-mesh

Visterflo 59.30415 | 10.995029 | 340 | 28.11.2013 | Net Mono-mesh
371 38 16:57

Visterflo 59.30368 | 10.995595 | 341 | 28.11.2013 | Net Mono-mesh
952 24 17:00

Visterflo 59.30386 | 10.996552 | 342 | 28.11.2013 | Net Mono-mesh
579 37 17:05

Visterflo 59.30013 | 10.985250 | 343 | 28.11.2013 | Net Mono-mesh
224 72 17:11

Visterflo 59.30006 | 10.986416 | 344 | 28.11.2013 | Net Mono-mesh
635 47 17:15

Visterflo 59.29962 | 10.987413 | 345 | 28.11.2013 | Net Mono-mesh
178 5 17:18

Visterflo 59.29944 | 10.992427 | 346 | 28.11.2013 | Net Mono-mesh
282 05 17:23

Visterflo 59.29936 | 10.993731 | 347 | 28.11.2013 | Net Nordic
965 19 17:26 multi-mesh

Visterflo 59.29839 | 11.51102 1| 22.11.2013 | Net Mono-mesh

Visterflo 59.2984 | 11.51102 2| 22.11.2013 | Net Mono-mesh

Visterflo 59.29801 | 11.51124 3| 22.11.2013 | Net Mono-mesh

Visterflo 59.29727 | 11.51171 4| 22.11.2013 | Net Nordic

multi-mesh
Visterflo 59.29696 11.51134 5| 22.11.2013 | Net Nordic

multi-mesh
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Visterflo 59.2972 11.51265 6| 22.11.2013 | Net Nordic
multi-mesh
Visterflo 59.29545 11.51278 71 22.11.2013 | Net Nordic
multi-mesh
Visterflo 59.29507 11.5117 8| 22.11.2013 | Net Nordic
multi-mesh
Visterflo 59.29457 11.51354 9| 22.11.2013 | Net Mono-mesh
Visterflo 59.29377 11.51266 10 | 22.11.2013 | Net Mono-mesh
Visterflo 59.29361 11.51278 11| 22.11.2013 | Net Mono-mesh
Visterflo 59.29319 11.51325 12 | 22.11.2013 | Net Mono-mesh
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