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Seasonal variations in the use of profundal habitat among freshwater fishes 

in Lake Norsjø, southern Norway, and subsequent effects on fish mercury 

concentrations. 

by 

Tom Robin Olk and Tobias Karlsson 

 

ABSTRACT 

This study is based on monthly sampling of fish from an industrial water intake, located at the 

bottom of Lake Norsjø, at a depth of 50 m, during one year (2014). By this sampling strategy, 

we have obtained unique information about the seasonal use of the profundal habitat among 

> 15 fish species present in the lake. However, besides a very few individuals of perch (Perca 

fluviatilis, n = 4) and one individual of Nortern pike (Esox lucius) and brown trout (Salmo trutta 

L.), respectively, only Arctic char (Salvelinus alpinus), European smelt (Osmerus eperlanus) and 

whitefish (Coregonus lavaretus) were caught. While A. char was present in the profundal 

habitat all year, E. smelt were only absent in June, and whitefish was primarily present during 

the winter, December-March.  The main reasons for searching to this poor, cold and dark 

habitat, are primarily predator avoidance, interspecific competition, hatching and subsequent 

feeding on row. The various use of the profundal habitat among fish species, have primarily 

been linked to age, length and weight, stomach analyses and stable isotope signatures,  δ13C 

and δ15N, in fish muscle. By also comparing the number of gill rakers (NGR) in whitefish caught 

by gill nets in a nearby littoral area, we revealed two morphs of whitefish, a profundal morph 

(NGR = 26.5 ± 0.4) and a littoral morph (NGR = 32.0 ± 0.6). The varying degree of habitat use 

(profundal, pelagic, littoral) among fish species and morphs, has further been shown to have 

implication for the mercury (Hg) concentration in fish, as baseline Hg and fish growth differ 

between different lake habitats. Accordingly, these factors, besides the more classical factors 

as trophic position and age, are essential for Hg concentration in fish.  

Keywords: Freshwater fish, profundal habitat, Hg, Tot-Hg, Stable isotopes, Biomagnification, 

Salvelinus alpinus, Coregonus lavaretus, Osmerus eperlanus  
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INTRODUCTION 

In the environment, mercury (Hg) is a widespread contaminant of concern. It is a pollutant 

with long-range transport from source regions to remote areas in the world (AMAP, 2011, 

Ranneklev et al., 2009). Most Hg in the atmosphere in Scandinavia has its origin in industrial 

activity in central Europe (Ranneklev et al., 2009). There are both natural and anthropogenic 

sources of Hg. The oceans are considered the greatest natural source of Hg to the atmosphere. 

Ocean waters are usually supersaturated with Hg0, and thus continuously emit this gaseous 

elemental form of Hg into the atmosphere (Morel et al., 1998). Other natural sources are 

biomass combustion, such as forest fires, and volcanoes (Mason and Sheu, 2002, Pirrone et 

al., 2010). Since the beginning industrial age, Hg concentrations in the surface layers of the 

ocean and in the atmosphere have tripled (Mason et al., 1994, Lamborg et al., 2002, Mason 

et al., 2012). The main anthropogenic source of Hg is fossil fuel combustion, for instance of 

coal, which stands for 35-45% of the total anthropogenic Hg emissions (Pacyna et al., 2010, 

Pirrone et al., 2010). Other anthropogenic sources are mining activity and chemical processes, 

for example the production of batteries. 

Approximately 95% of total Hg in the atmosphere is in the elemental state Hg0 (Fitzgerald and 

Lamborg, 2004). It oxidises to cationic Hg(ll), a form of Hg which easily bonds to aerosols and 

particles, and is subsequently deposited on land and water by wet and dry deposition (Mason 

and Sheu, 2002). Reemission to the atmosphere occurs by reduction from Hg(II) to Hg0 by 

biota (Barkay et al., 2003) or photochemical processes (Amyot et al., 1994).  

Hg compounds can be toxic in aquatic environments. The toxicity of Hg depends on the 

chemical form (Clarkson, 1998). Particularly methyl-Hg (MeHg), which is produced from 

inorganic forms of Hg in aquatic ecosystems, is a toxic Hg species. Methylation happens 

primarily in aquatic environments, especially under anaerobic conditions (Gilmour and Riedel, 

1995, Hollweg et al., 2010, Macalady et al., 2000, Lehnherr et al., 2012). In freshwater, there 

are different sources of MeHg, like anoxic hypolimnetic lake water (Eckley et al., 2005, Eckley 

and Hintelmann, 2006), bottom sediments (Gilmour and Riedel, 1995), periphyton biofilms 

(Gilmour and Riedel, 1995, Desrosiers et al., 2006), and moss mats (St Louis et al., 2004, Yu et 

al., 2010).  A result of the transfer of MeHg through the food web is, that Hg bioaccumulates 

(increase of contaminant compared to environment) and biomagnifies in the food web. As a 
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result, predators at the top of an aquatic food chain can have Hg concentration millions of 

times higher than observed in the surrounding  waters (Kidd et al., 2012). This can lead to fish 

and fish-eating wildlife reaching toxic concentrations of Hg (Watras et al., 1998). MeHg is a 

potent neurotoxin (WHO, 1989, WHO, 1990, Boening, 2000), and symptoms of poisoning in 

humans can be numbness in hands and feet, loss of fine motor skills, memory loss, blindness 

(Takeuchi et al., 1962), speech disorder, loss of muscle control and negative effects on the 

cardiovascular system and immune system (Mergler et al., 2007). 

The greatest increase of MeHg concentration is not biomagnification between trophic levels.  

Instead, it is from abiotic materials, such as water and sediments, to the base of the food web 

(Fitzgerald et al., 2007, Pickhardt and Fisher, 2007). At higher trophic levels, most of the Hg is 

MeHg (Morel et al., 1998), because it accumulates at higher rates (Lavoie, 2013). The 

proportion of MeHg/TotHg increase from about 10 % in the water, 15 % in phytoplankton, 30 

% in zooplankton and 95 % in fish (Watras and Bloom, 1992). To confirm biomagnification 

from one trophic level to another, a correlation between the stable isotope ratio of nitrogen 

(δ15N) and Hg is used (Cabana and Rasmussen, 1994, Atwell et al., 1998). There are ecological 

factors that control the Hg concentrations in the biota, such as food chain length, habitat 

selection, foraging behaviour (Loseto et al., 2008, Swanson and Kidd, 2010, St Louis et al., 

2011). Cold temperatures, low productivity and acidic condition can indirectly increase Hg by 

reducing growth rates (Greenfield et al., 2001, Essington and Houser, 2003).  

Stable isotope ratio analyses of carbon C13/C12 and nitrogen N15/N14 is a highly valuable tool 

to trace the energy flow (δ13C) and trophic position (δ15N) in food webs (Peterson and Fry, 

1987, Cabana and Rasmussen, 1996, Post, 2002). The different stable isotopes have 

differences in the ability to form chemical bonds, which leads to different isotopic values. The 

lighter isotopes react more readily, but the heavier form stronger bonds (Hoefs, 2013). The 

ratio of isotope enrichment change slightly about 0.4 ‰ for δ13C  between trophic levels, and 

it is used to characterise dietary carbon sources derived from primary producers (Post, 2002). 

For δ15N, an enrichment of 3.4 ‰ per trophic level is estimated (Minagawa and Wada, 1984, 

Post, 2002). Various other effects determine the Hg concentration in fish as well, for instance 

feeding habitat. There are studies that show patterns that pelagic feeding fish have higher 

values of Hg in their tissues than littoral feeding fish at a similar trophic position (Power et al., 

2002, Gorski et al., 2003, Stewart et al., 2008), and studies with no variation in Hg at similar 
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trophic positions (Chumchal and Hambright, 2009). A study of Gorski et al. (2003) shows that 

there are among-lake variations that reflect habitat use within a species such as northern pike 

(Esox Lucius) that are on the same trophic position in the food chain, but rely on different prey 

in the food web. Pike feeding on fish that had a pelagic-based food had higher values of Hg 

than pike feeding on fish that had benthic-based food.  

This study examines Hg concentration and stable isotope signatures in fish in a bay 

(Fjærekilen) of Lake Norsjø, which is among the twenty largest lakes in Norway. The collected 

fish were trapped in an industrial scale water intake tunnel (≈ 15 m3 s-1) when passing by. 

Trapped fish were sampled weekly, and our investigations rely on one sample from each 

month during a one-year period. Arctic char (Salvelinus alpinus), European smelt (Osmerus 

eperlanus) and whitefish (Coregonus lavaretus) were the most abundant species caught. As 

the water intake tunnel is located at the bottom of the bay at approximately 50 m depth, this 

investigation is a unique study of fish species and strains/morphs “seeking out” this 

hypolimnetic habitat during a year. It was generally hypothesised, that biomagnification along 

the food chain is pronounced in all species. Horizontal variations in food web structure, such 

as feeding habitat and prey species, or competition and resource limitation were linked to 

effects on Hg-concentrations and stable isotope ratios. Additionally, potential seasonal 

variations were investigated. 
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MATERIAL AND METHODS 

Site description 

Lake Norsjø (59.29’ N, 9.36’ E) is a large (55.24 km2), deep (middle depth = 87 m, maximal 

depth = 171 m) and oligotrophic lake (Holtan, 1968, Miljødirektoratet, 2015) located in 

Telemark county in southeast Norway. This study has been performed in Fjærekilen, which is 

a bay at the southern end of Lake Norsjø. This basin extends parallel to the discharge at 

Skotfoss (Figure 1).    

 

Figure 1. Map of Fjærekilen, the investigated bay  in Lake Norsjø.  

Sampling 

The fish used in this study were acquired at the INEOS (petrochemical company) water intake 

in Fjærekilen, which is located at a depth ≈ 50 m, 60 to 80 m off the shore. The fish were 

caught continuously at a grate, preventing fish being artificially transferred to the brackish 

fjord, Frierfjorden, where INEOS is located. Fish was retrieved weekly by INEOS industry 

workers and our fish was sampled between February 2014 and January 2015 on the following 

dates: 04.02.2014, 04.03.2014, 29.04.2014, 27.05.2014, 01.07.2014, 19.08.2014, 23.09.2014, 

28.10.2014, 02.12.2014 and 13.01.2015. The fish were frozen when collected by INEOS 

industry workers, and the accumulated catch of each week was stored in plastic bags. 

Additionally, fresh fish were acquired on the sampling dates named above. All fish were frozen 
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in plastic bags sorted by sampling date and stored in a freezer (≤20°C) at Telemark University 

College until analysed. The littoral whitefish were caught by gill nets (16 – 52 mm mash size) 

set perpendicular out from to the shore at a depth between 1-5 m on September 9, 2012.  

General analysis 

The collected fish were sorted, and approximately 20 individuals of each species were 

analysed each month. Total length of each fish were determined to the closest millimetre in a 

measuring cone, and weight was determined to the closest gram on a scale model Philips 

HR2393. The otoliths were removed, and subsequently burned over a propane torch before 

being sectioned transversally for later age determination under a stereomicroscope at a 

magnification of 48x. Each fish was opened for inspection of sex and maturity. 

Stomach content analysis 

Stomach samples were taken from approximately five fish of each species each month. The 

stomachs were preserved in 70% ethanol in glass bottles prior to analysis. Stomach content 

was identified under a stereomicroscope at a magnification of 48x to the closest taxa using a 

taxonomic key (Raastad and Olsen, 1999), and each items occurrence was estimated in volume 

percent. For littoral whitefish, all available stomach samples were investigated. 

Preparation of muscle fillet samples 

About 2 g of muscle fillet were removed from the dorsal side of each fish under the dorsal fin. 

The samples were weighted on a scale type Kern 442-43 at a precision to 0.1 g, before freeze-

dried in a Heto Lyolab 3000 freeze-drier for at least 14 hours at a temperature ≤ 30°C. The 

drying process was aided by an infrared lamp. Dried samples were weighted on a Sartorius 

AX124 scale with a precision to 0.0001 g. The dried samples were ground and homogenised 

using an agate pestle and a mortar.  

Stable isotope analysis 

Up to 15 fish of each species each month were selected for stable isotope analysis, covering 

the largest possible variety in age, length and weight. Between 1.0 and 1.4 mg of the selected, 

freeze-dried samples were weighted on a Sartorius AX124 scale, and stored in tin capsules of 

the types Elemental Microanalysis D1006 (6 x 4 mm) and Elemental Microanalysis D1008 (8 x 

5 mm). The capsules were sent to the Norwegian Institute for Energy Technology (Institutt for 
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Energiteknikk, IFE) for stable isotope analysis. Results were delivered in the delta (δ) notation, 

which is measured in per mil (‰) deviation from a standard material, and calculated according 

to the following formula:  

δ13C or δ15N = ([Rsample/Rstandard] – 1) * 1000,  

where R represents the ratio of the heavier isotope 13C or 15N to the lighter 12C or 14N (Vander 

Zanden and Rasmussen, 1999, Eagles-Smith et al., 2008). As standard material, Pee Dee 

belemnite limestone is used to calculate δ13C (Craig, 1957), and atmospheric nitrogen is used 

for δ15N.  

Hg Analysis 

Freeze-dried dorsal muscle fillet samples were also used for determination of Hg-content in 

fish. Approximately 20 mg were used for each sample, weighted in on a Sartorius AX124 scale 

(precision: 0.0001g). Total Hg was analysed by a Lumex Hg-analyser type Pyro-915 (Lumex 

Instruments, St. Petersburg, FL. USA), and two replicates were analysed for each sample. 

Measurements were repeated if both replicates deviated with more than 10%. The equipment 

was calibrated using a standard sample of tuna (European Reference Material, ERM-CE 464), 

which was used as control after each 20th fish. Hg-content was estimated to be the average of 

the two replicate samples, and concentrations were transformed to resemble wet weight 

(ww.) concentrations by the following formula: [Hg]dry weight * dry weight / ww.  

This was done, because most nations are using wet weight concentrations of Hg in fish, in their 

monitoring programs, and consumption advice guidelines.  

Gill rakers 

The gill rakers of whitefish were counted on the outermost gill ark for each fish. A 

stereomicroscope of 48x magnification was used to count gill rakers.  

Data analysis 

Fulton’s condition factor (Fulton, 1904, Goede and Barton, 1990, Smolders et al., 2005) was 

calculated for each fish of the species Arctic char and whitefish using the following formula:  

𝐾𝑓 =  
𝑊 ∗ 100

𝐿3
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where W is the weight of the fish (g), and L is the total length (cm). All Hg-concentrations were 

logarithmically transformed to match normal distributions and linear relationships with δ15N. 

Descriptive statistics were calculated for age, length, weight, Kf (except E. smelt), δ13C, δ15N 

and [Hg] for each species using Microsoft Excel (Microsoft, 2013). The relationships between 

Kf, δ15N, δ13C and ln[Hg] for each population were tested for correlation using Pearson’s 

product moment or Spearman ranks depending on the distribution of the raw data in the 

statistical program R (R Core Team, 2014). In addition, length was correlated to δ13C to 

discover ontogenetic habitat shifts. Ln[Hg] was correlated to age and length. For each pair of 

variables, which is significantly correlated, a linear regression was calculated using Microsoft 

Excel (Microsoft, 2013) and R (R Core Team, 2014). Post hoc tests for normal distribution and 

homoscedasticy were conducted on the residuals. Differences in age, length, weight, 

condition, δ13C, δ15N and ln[Hg] and gill raker counts between profundal and littoral whitefish 

were tested using Welch’s two sample t-test or Mann-Whitney-Wilcoxon tests in R (R Core 

Team, 2014) depending on the fit of the data to a normal distribution. In addition, differences 

in growth were accounted for by comparing the length of 3-year old whitefish, using a Welch’s 

two sample t-test, and logistic regressions. Growth was also estimated for the other fish 

species. For all tests a standard significance level of α = 0.05 has been used, and near 

significance was noted at a p-value between 0.05 and 0.10.  

The arithmetic mean volume percentage of each diet item was calculated for each population, 

including all fish with at least one identified stomach content item. Additionally, prey was 

grouped in primary consumer- and secondary consumer-invertebrates and fish based 

material. The occurrence of each group has been correlated to fish length using Pearson’s 

product moment or Spearman ranks in R (R Core Team, 2014). The prey taxa have also been 

grouped in profundal, littoral, pelagic and fish based items. A. char individuals were grouped 

by total length, above and below 140 mm, and average diet overlap was estimated using 

Schoener’s similarity index (Schoener, 1970), which is calculated using the following formula:  

D = 100 – 0.5 Σ(|pi – qi|),  

where p is the average volume percent of one type of prey in the first group of fish, and q is 

the average volume percent of the same item in the other group of fish. Diets are considered 

to overlap significantly if D exceeds 60 % (Wallace, 1981).  
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Sampled Fish 

Totally, 471 fish were sampled in the water intake at a depth of ≈ 50 m in Fjærekilen, a bay 

south in Lake Norsjø. The most abundant species A. char (n = 191) and E. smelt (n = 158) were 

present in the catch during all seasons, while profundal whitefish (n = 117) were mainly caught 

between December and March (Figure 2). Perch (Perca fluviatilis) (n = 4) and Northern pike (n 

= 1) were only sporadically present, and accordingly insufficient data was available for further 

analysis of these two species. In addition littoral whitefish (n = 20), caught by gillnets in 

September 2012, has been used for comparison of littoral and profundal whitefish.  

 

Figure 2. Seasonal variations in the number of profundal whitefish, A. char and E. smelt 

sampled from the water intake at 50 m depth in Southern Lake Norsjø. 

 

RESULTS 

Age and size distribution 

A. char (n = 191) varied in age from 2 to 26 years (Table 1), with an average age of 8 ± 4 years 

(n = 185). The individuals’ length varied from 71 to 283 mm, with an average of 132 ± 45 mm 

(n = 191), while average weight was 28 ± 38 g (n = 190), varying from 3 g to 211 g. Average 

condition factor (Kf) was 0.86 ± 0.32, with large individual variations from 0.48 to 1.80.  
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Table 1. Descriptive statistics for the variables age, length, weight, Kf, δ13C, δ15N and Hg in 

Arctic char, European smelt, profundal whitefish (W.fish P) and littoral whitefish (W.fish L). 

Variable Species n Median Mean ± SD Min Max Max-Min 

Age (yr) A. char 185 7 8 ± 4 2 26 24 

 E. smelt 156 2 2 ± 1 1 8 7 

 W.fish P 117 4 5 ± 3 1 17 16 

 W.fish L 20 3.5 4 ± 3 1 13 12 

Length (mm) A. char 191 118 132 ± 45 71 283 212 

 E. smelt 158 98 99 ± 6 83 115 32 

 W.fish P 117 252 247 ± 33 115 310 195 

 W.fish L 20 276 286 ± 55 219 470 251 

Weight (g) A. char 190 14 28 ± 38 3 211 208 

 E. smelt 158 4 4 ± 1 1 13 12 

 W.fish P 117 131 128 ± 43 10 265 255 

 W.fish L 20 176 239 ± 211 96 1065 969 

δ15N (‰) A. char 90 12.05 11.75 ± 1.20 6.86 13.51 6.65 

 E. smelt 103 10.17 10.39 ± 0.97 7.64 13.6 5.96 

 W.fish P 76 8.35 8.60 ± 1.25 6.39 12.63 6.24 

 W.fish L 20 8.56 8.63± 0.77 7.54 11.14 3.6 

δ13C (‰) A. char 90 -29.20 -29.69 ± 1.45 -34.74 -27.79 6.95 

 E. smelt 103 -29.07 -29.13 ± 0.55 -32.38 -27.6 4.78 

 W.fish P 76 -29.14 -29.12 ± 0.49 -30.21 -27.61 2.60 

 W.fish L 20 -26.34 -26.19 ± 2.04 -28.88 -23.07 5.81 

Hg (ppm ww) A. char 180 0.14 0.22 ± 0.22 0.06 1.5 1.44 

 E. smelt 156 0.19 0.21 ± 0.08 0.06 0.54 0.48 

 W.fish P 117 0.19 0.21 ± 0.09 0.05 0.49 0.44 

 W.fish L 20 0.11 0.12 ± 0.05 0.04 0.28 0.24 

 

E. smelt (n = 158) varied in age from 1 to 8 years (Table 1), while the average age was 2 ± 1 

years (n = 156). The length varied from 83 to 115 mm with an average of 99 ± 6 mm (n = 158), 

while average weight was 4 ± 1 g ranging from 1 to 13 g.  

Profundal whitefish (n = 117) varied in age from 1 to 17 years, with an average age of 5 ± 3 

years (Table 1). Fish length varied from  115 to 310 mm, with average length of 247 ± 33 mm. 

Average weight was 128 ± 43 g, ranging from 10 to 265 g. The condition factor (Kf) of profundal 

whitefish ranged from 0.58 to 1.22, with an average Kf of 0.81 ± 0.11. 

Littoral whitefish (n = 20) were only caught by gillnets in September. The fish were between 2 

and 13 years old, with an average age of 4 ± 3 years (Table 1). Fish length varied from  219 to 
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470 mm, with an average of 286 ± 55 mm. Average weight was 239 ± 211 g, ranging from 96 

to 1065 g. The condition factor (Kf) ranged from 0.71 to 1.09, with an average Kf of 0.88 ± 0.10. 

Use of profundal habitat 

A. char were present in the profundal habitat the whole year, but with highest occurrence in 

September and December (Figure 2). A. char differed seasonally in age (Figure 3), as the oldest 

fish on average, were caught in January and February. The largest variety in age was present 

in June where all age groups except the youngest fish (< 4 years) were present. All other 

months, the majority of the fish caught were between 5 and 10 ten years old. 

 

Figure 3. Seasonal variations in age (mean ± SD) of A. char, E. smelt and profundal whitefish, 

trapped in the water intake at 50 m depth in Fjærkilen, southern Lake Norsjø.   

E. smelt were also present all year, except June, with highest occurrence in December. Their 

age varied marginally between months (Figure 3), but largest age variations were revealed in 

February and March, where slightly older fish were caught.   

Profundal whitefish were primarily caught between December and March (Figure 2), and 

highest average age where present in the December catch (Figure 3). This whitefish, caught at 

50 m depth, differed significantly from the whitefish caught by gillnets in the littoral zone. Gill 

raker numbers in profundal whitefish (average: 26.5 ± 0.4) were significantly lower than in 

littoral whitefish (average: 32.0 ± 0.6), and length, weight and Kf were all significantly lower in 

the profundal whitefish than in littoral whitefish (Table A3). Length at the age of 3 differed 
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near significantly between the whitefish populations (p=0.067) (Figure 4). Despite so, the Hg 

concentrations were significantly higher in the profundal population, even though they did 

not differ significantly regarding δ15N signatures. On the other hand, profundal whitefish had 

significantly more depleted δ13C signatures than littoral whitefish. 

 

Figure 4. Logistic regressions for growth patterns of littoral and profundal whitefish. 

 

Stomach content –diet 

Benthic invertebrates 

Chironomidae sp. were found in the stomachs of all species and populations, and contributed 

to the diet with 43.9, 24.7, 25.9 and 0.8 Vol-% for A. char (n = 41), E. smelt (n = 31), profundal 

(n = 22) and littoral (n = 12) whitefish, respectively. In E. smelt, Chironomidae sp. were only 

found between August and December.  

Pisidium sp. were found in A. char (2.1 Vol-%), profundal whitefish (15.6 Vol-%) and littoral 

whitefish (5.4 Vol-%), but not in E. smelt. Ostracods were found in A. char restricted to the 

period between August and February (0.8 Vol-%), and they were continuously present in E. 
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smelt (9.0 Vol-%) and profundal whitefish (3.6 Vol-%). Phryganea grandis were only found in 

A. char, exclusively from March to June (5.4 Vol-%). 

Caddisflies (Trichoptera) were only found in E. smelt (1.9 Vol-%) and littoral whitefish (1.7 Vol-

%), while Asellus aquaticus was only found in profundal and littoral whitefish, contributing 

with 1.8 Vol-% and 4.2 Vol-% respectively. Other items, such as insect imagoes (4.2 Vol-%), 

Hydracarina sp. (0.4 Vol-%), Lymnea sp. (1.8 Vol-%), Gyraulus sp. (12.1 Vol-%), other 

gastropods (8.3 Vol-%) and remains of vegetation (0.3 Vol-%), were only found in littoral 

whitefish.  

Pelagic invertebrates 

Copepods were found in all investigated fish species, and constituted 11.7, 47.7, 8.2 and 0.8 

Vol-% in A. char, E. smelt, profundal and littoral whitefish, respectively. In A. char, copepods 

were a seasonal item, only found from August to February. Cladocerans, i.e. Daphnia sp. were 

only found in E. smelt (5.3 Vol-%). 

Fish and other items 

Fish occurred in the stomach samples of A. char (19.5 Vol-%), profundal whitefish (21.4 Vol-

%) and littoral whitefish (4.2 Vol-%). Regarding profundal whitefish, fish were only found 

between January and May. Fish roe were seasonally present in all three fish species, primarily 

in September and February in A. char (5.7 Vol-%), and in December and January in E. smelt 

(7.7 Vol-%) and profundal whitefish (9.1 Vol-%). In littoral whitefish, which were only sampled 

in September, 17.9 Vol-% of the stomach content was roe.  In profundal whitefish, an ant was 

found (1.8 Vol-%), while unidentified remains constituted 10.9, 3.7, 12.6 and 37.9 Vol-% in A. 

char, E. smelt, profundal and littoral whitefish, respectively.   

Stomach content in Arctic char below and above 140 mm of length 

The largest A. char, individuals > 140 mm (n = 20), consumed less Chironomidae sp., Pisidium 

sp. and copepods, but more roe than smaller individuals, < 140 mm (n = 21). Additionally, the 

largest individuals consumed fish (≈ 40 Vol-%). The Schoener’s similarity index (Schoener, 

1970), indicated, no significant overlap in the diets of A. char above and below 140 mm of 

length (D = 51 %).  
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Stable isotope signatures and Hg in fish 

A. char exhibited average δ13C and  δ15N signatures of -29.69 ± 1.45 ‰ and 11.75 ± 1.20 ‰ (n 

= 90), respectively (Table 1). The individual variations in δ13C ranged from -34.74 ‰ to -27.79 

‰, while the corresponding variations in δ15N were from 6.86 ‰ to 13.51 ‰. The range in 

δ15N by 6.65 ‰, indicates an individual variation in tropic position by almost 2 trophic levels 

( = 1.96) within the group of A. char caught, assuming a δ15N enrichment of 3.4 ‰ per trophic 

level (), as estimated by Minagawa and Wada (1984) and Post (2002).  

The average δ13C and δ15N signatures in E. smelt were -29.13 ± 0.55 ‰ and 10.39 ± 0.97 ‰ (n 

= 103), respectively, with individual variations in δ13C from -32.38 to -27.60 ‰, and from 7.64 

‰ to 13.60 ‰ regarding δ15N. The range in δ15N by 5.96 ‰, indicates an individual variation 

in trophic level () by 1.75  within the group of E. smelt caught.  

Profundal whitefish had average δ13C and δ15N signatures of –29.12 ± 0.49 ‰ and 8.60 ± 1.25 

‰ (n = 76), respectively. While individual δ13C signatures ranged from -30.21 to -27.61 ‰, the 

δ15N signatures varied from 6.39 to 12.63 ‰. The range in δ15N by 6.24 ‰, indicates an 

individual variation in trophic level () by 1.84  for the profundal whitefish caught. Littoral 

whitefish had average δ13C and δ15N signatures of -26.19 ± 2.04 ‰ and 8.63 ± 0.77 ‰, (n = 

20), respectively, with individual variations in δ13C from -28.88 to -23.07 ‰ and from 7.54 to 

11.14 ‰ regarding δ15N. The variation in δ15N by 3.60 ‰, indicates variations in trophic 

position () by 1.06  among the littoral whitefish caught.  

Tot-Hg in A. char varied from 0.06 ppm to 1.50 ppm (Table 1), with an average concentration 

of 0.22 ± 0.22 ppm (n = 180), while E. smelt varied between 0.06 and 0.54 ppm , with an 

average of  0.21 ± 0.08 ppm (n = 156). While Tot-Hg in profundal whitefish varied from 0.05 

to 0.49 ppm, with an average of 0.21 ± 0.09 ppm (n = 117), Tot-Hg in littoral whitefish varied 

from 0.04 to 0.28 ppm, with an average of 0.12 ± 0.05 ppm (n = 20).   

Important parameter correlations 

Logistic regressions between age and length were significant and positive in all populations 

investigated (Table A2). Age was also significantly, positively correlated with Ln[Hg] in fish in 

all investigated species (Table A1), including the two whitefish morphs. Length was also 

significantly, positively correlated with Ln[Hg] in fish, except for the littoral whitefish 
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population, a population primarily represented by adult individuals varying in length from 210 

to 410 mm and with minor variations in trophic level (ΔΛ = 1.06). The correlation between 

δ15N and Ln[Hg] was significant in E. smelt and profundal whitefish, and near significant (p = 

0.051) in A. char. Additionally, Kf was significantly, negatively correlated with Ln[Hg] in littoral 

whitefish, but not in any of the other populations investigated (Table A1). The littoral whitefish 

were also the only population with significant, positive linear regressions between length and 

13C (p =< 0.001) and between 13C and 15N (p = 0.014, Table A2).  

The average volume percent of primary consumer-invertebrates in stomach samples was 

significantly, negatively correlated to fish length in A. char, or opposite, significantly positively 

correlated to the average volume percent of fish in stomach samples.  

DISCUSSION 

Age and size distribution 

Borgstrøm and Saltveit (1981) investigated the size distribution and occurrence of all fish 

species caught in the water intake from 1979 until spring 1981. In general, the size 

distributions were similar to the fish caught in this study. Average weight for A. char between 

1979 and 1981 was about 100 g (Borgstrøm and Saltveit, 1981), which is higher than the 

average weight found in 2014 (28 ± 38g). Mature E. smelt caught in Bøelva, a tributary to Lake 

Norsjø, varied in length between 85 and 135 mm, and the weight was between 3 and 12 g 

(Borgstrøm and Saltveit, 1981). In this study, length of E. smelt varied between 83 and 115 

mm, and weight varied between 1 and 13 g. For profundal whitefish, an average weight of 150 

g was assumed by Borgstrøm and Saltveit (1981), which is close to the average found in this 

study (128 ± 43 g). In addition, littoral whitefish were caught by gill nets by Borgstrøm (1974), 

of which most had a length between 290 and 340 mm and a weight about 300 g, which is 

similar to the majority of littoral whitefish caught in this study (Length: 286 ± 55 mm; Weight: 

239 ± 211 g). In addition, one littoral whitefish with a length of 470 mm and a weight of 1065 

g was caught in this study. The presence of large littoral whitefish was also confirmed by 

Borgstrøm (1974), as some whitefish were around 500 mm and between 1100 and 1200 g. 

Littoral whitefish exhibit high growth rates in Lake Norsjø, especially the first two summers 

(Borgstrøm, 1974), which is confirmed in this study, as individual whitefish, larger than 200 

mm, were found to be 2+ years old.  
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Use of profundal habitat 

The different species caught in the water intake at 50 m depth, i.e. the profundal area of the 

lake, occurred in individual patterns. Similar to investigation from the same water intake made 

35 years ago by Borgstrøm and Saltveit (1981). A. char were present in this profundal area all 

year but showed seasonal variations in presence and age and size distribution. While the 

highest presence of A. char occurred during autumn, the oldest fish were present in January 

and February. E. smelt were also found all year, but fewer individuals during summer, also 

reported by Borgstrøm and Saltveit (1981). E. smelt is an important prey for pisicvorous fishes 

in the lake, primarily brown trout (Salmo trutta L.), and therefore the population exhibits 

diurnal vertical migration patterns, feeding in the epilimneon during night, and staying close 

to the bottom during daytime (Nellbring, 1989, Horppila et al., 2000). However, predator 

avoidance is likely to be most pronounced during the growth season, which exhibits low 

numbers of E. smelt outside the water intake at 50 m depth. It is therefore more plausible that 

E. smelt utilises the profundal habitat for feeding, when zooplankton is scarce.  

Profundal whitefish were caught between October and May in this study, analogous to the 

observations made by Borgstrøm and Saltveit (1981), who reported the highest catches of 

whitefish in January and February (200 – 300 individuals per week), with decreasing numbers 

during spring and no whitefish during summer. In a gill net survey by Borgstrøm (1974), 

whitefish were only caught in the depth interval 25 – 50 m in Lake Norsjø during the spawning 

season. Thus, profundal whitefish only seems to occur at this depth of the lake during 

spawning. Jensen (1954) proposed that there were likely to be three whitefish morphs, 

spawning in different areas at different times, in Lake Norsjø, which are littoral whitefish, 

stream whitefish and winter whitefish. Winter whitefish spawns in deep areas (15 – 70 m) 

during January and February, and is equivalent to the profundal whitefish caught at a depth 

of 50 m during winter in this study.  

European whitefish is the most diverse Coregonid species (Svärdson, 1979, Bernatchez, 2004, 

Hudson et al., 2007), which exploits littoral, pelagic and profundal niches (Kahilainen et al., 

2003, Kahilainen et al., 2004, Kahilainen et al., 2005). The different morphs, observed in 

Scandinavia, have evolved by adaptive radiation, and phenotypes are usually linked to 

foraging traits (Schluter, 1996, Clabaut et al., 2007). One example, used in this study, is the 

number of gill rakers, which is a highly heritable trait that is widely used to characterise 
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whitefish morphs (Svärdson, 1979, Rogers and Bernatchez, 2007). The whitefish in Lake Norsjø 

differed significantly in gill raker count, pointing out that they belong to separate populations. 

The profundal population, with an average gill raker count of 26.5 ± 0.4, matches best to what 

is described as large sparsely rakered whitefish, which has 25 ± 0.3 gill rakers on average, 

according to material revised by Harrod et al. (2010). This is the ancestral morph, which has 

diverged into pelagic and benthic morphs (Østbye et al., 2005, Østbye et al., 2006). Preferably, 

these whitefish would consume zooplankton (Heikinheimo et al., 2000), which is a part of the 

diet of profundal whitefish in Lake Norsjø. In competition with other morphs and fish species, 

as they are in Lake Norsjø, large sparsely rakered whitefish show character displacement 

(Harrod et al., 2010), as they are more generalistic, thus driven to exploit less favourable 

niches (Werner and Hall, 1979). In competition with more densely rakered whitefish, large 

sparsely rakered whitefish are often driven to sub-littoral habitats (Harrod et al., 2010) like 

the profundal whitefish in Lake Norsjø. Similar age distributions in both populations combined 

with higher weight, length and condition factor in littoral whitefish support the hypothesis 

that profundal whitefish are outside their preferred niche. Littoral whitefish at the age of 3 

are near significantly larger than profundal whitefish at the same age, the mean length at the 

age of 3 is 257 and 235 mm for littoral and profundal whitefish respectively. The lower growth 

rates in profundal whitefish may be a result of lower availability of food, however, as profundal 

and littoral whitefish are distinct morphs, they may be caused by genetic differences. 

 The littoral whitefish in Lake Norsjø, which has an average gill raker count of 32 ± 0.6, most 

likely belongs to the densely rakered morph, which has an average gill raker number around 

34 ± 0.1 (Harrod et al., 2010). The densely rakered morph mainly feeds on zooplankton 

(Amundsen et al., 2004) like smaller littoral whitefish in Lake Norsjø. In addition, densely 

rakered morphs consume epibenthic prey (Kahilainen and Lehtonen, 2002), which larger 

littoral individuals in Lake Norsjø do according to the littoral carbon signatures and gut content 

analysis.  

Stable isotope signatures and Hg in fish 

A. char exhibited the most depleted δ13C signature range (-34.74 - -27.79 ‰) among the fish 

species investigated. Compared with Vander Zanden and Rasmussen (1999), based on 14 

oligotrophic lakes in Canada, this δ13C signature range represents profundal (average = -30.5 

‰) to pelagic (average = -28.4 ‰) habitat. As A. char is the weaker competitor in an 
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asymmetric competition with whitefish (Nilsson, 1967, Amundsen et al., 2010), A. char is 

forced to occupy the less favourable profundal niche (Borgstrøm and Saltveit, 1981, Degerman 

et al., 2001, Sandlund et al., 2013). The highest average δ15N signature (11.75 ± 1.20 ‰) and 

the largest δ15N range (6.65 – 13.51 ‰) of A. char are results of a predominantly profundal-

based diet, as primary consumers in profundal habitats normally have higher δ15N signatures 

compared to pelagic and littoral primary consumers (Vander Zanden and Rasmussen, 1999). 

In addition, larger A. char in Lake Norsjø (> 140 mm) often are piscivorous. The differences in 

prey choice between small and large A. char are revealed in the δ15N variations, which span 

over 2 trophic levels, assuming a difference in δ15N of 3.4 ‰ per trophic level (Minagawa and 

Wada, 1984, Post, 2002). Similar to A. char, the average δ13C signature in E. smelt (-29.13 ± 

0.55 ‰) and δ13C range (-32.38 - -27.60 ‰) indicates a combined profundal-pelagic diet, also 

for this species. This was also supported by the stomach analyses, as both profundal and 

pelagic prey items were present. However, stomach samples of E. smelt in Lake Norsjø 

revealed, that they predominantly fed on zooplankton, especially copepods. Regarding the 

interpretation of δ13C signatures in E. smelt, it is important to be aware of the temporal 

variations in stable isotope (SI) ratios of short lived and small animals (Toda and Wada, 1990, 

Gu et al., 1994, Yoshioka et al., 1994, Cabana and Rasmussen, 1996). Accordingly, periodical 

δ13C signature depletion in zooplankton can reach values similar to profundal organisms (e.g. 

Grey and Jones, 2001), thus the profundal diet content may be overestimated in SI analysis. 

The δ15N signatures in E. smelt span over 1.75 trophic levels. This may arise, as E. smelt 

consumes zooplankton at low trophic levels and omnivorous benthic animals like 

Chironomidae sp. at higher trophic levels. Vander Zanden and Rasmussen (1999) also found 

different baseline δ15N values for profundal (average = 5.2 ‰) and pelagic (average = 3.1 ‰) 

prey, which may increase the variability of δ15N in E. smelt in Lake Norsjø. Profundal whitefish 

exhibited δ13C signatures (-30.21 - -27.61 ‰) and δ15N signatures (6.39 - 12.63 ‰) very similar 

to those in E. smelt. The variability of SI signatures relies on the variation of pelagic and 

profundal prey items, and the span in δ15N of 1.84 trophic levels indicates a certain degree of 

piscivory in some profundal whitefish individuals. The most deviant SI signatures were found 

in littoral whitefish. The variation in δ13C signatures from -28.88 to – 23.07 ‰ (average: -26.19 

± 2.04 ‰), resembled a mixture of pelagic (average = -28.4 ‰) and littoral (average = -23.8 

‰) food items, according to Vander Zanden and Rasmussen (1999). The small range in δ15N 

signatures is explained by the small sample size (n = 20) and the absence of sub-adult 
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individuals. Despite so, according to the δ15N signatures per se, littoral whitefish appeared on 

the lowest trophic level among the investigated fish species, and beside invertebrates, only 

roe was found in their stomachs. However, the generally lower δ15N signatures found in littoral 

whitefish are likely to be a habitat effect: Vander Zanden and Rasmussen (1999) have shown, 

that littoral primary consumers create lower baseline levels for δ15N (average = 1.6 ‰) 

compared to pelagic (average = 3.1 ‰) or profundal (average = 5.2 ‰) primary consumers. 

The significantly higher concentration of Hg found in profundal whitefish compared with 

littoral whitefish might be a result of different MeHg loads as a result of various physio-

chemical in situ conditions for MeHg formations between profundal, pelagic and littoral 

habitats in the lake. Thus, higher Hg levels in profundal whitefish might be a result of generally 

higher MeHg baselines in the profundal zone as reported by Lavoie et al. (2010). Stafford et 

al. (2003) found a positive correlation between Hg in biota (lake trout (Salvelinus namaycush) 

and invertebrates) and lake depth, highlighting water depth as another possible explanation 

or underlying factor. In addition, several explanatory biological factors may also be decisive 

for the habitat variation in Hg in biota. Algal bloom dilution (ABD), which means that MeHg is 

distributed among a larger biomass of algae during the growth season (Pickhardt et al., 2002, 

Pickhardt et al., 2005), and somatic growth dilution (SGD), which means that organisms add 

new biomass at higher rates than MeHg (Thomann, 1989, Verta, 1990, Ward et al., 2010, Lepak 

et al., 2012), will of course vary depending on productivity and trophic status of lakes or lake 

habitats. As both factors are reported to be important for temporary/seasonal variations in 

Hg in biota, they accordingly should be important explanatory factors for the differences in Hg 

between profundal and littoral biota. Despite both ABD and SGD being different processes, 

they occur simultaneously in an ecosystem, leaving them impossible to separate 

quantitatively without laboratory procedures (Foe and Louie, 2014). Another biological factor 

regarding Hg-variations in biota, is the possibility of starvation, as A. char (permanently) and 

profundal whitefish (temporary) are forced to occupy the less energetically favourable 

profundal niche. Starvation is earlier assumed to be an explanatory factor for elevated Hg in 

fish (Hobson et al., 1993), and ABD/SGD was confirmed by negative correlations between Kf 

and Hg-concentrations in striped bass (Morone saxatilis, Cizdziel et al., 2002) and Northern 

pike (Olsson, 1976). Kf is also significantly, negatively correlated to ln[Hg] in littoral whitefish 

in this study. Contrary to Hg in fish, the δ15N signatures were not significantly different 
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between the two populations of whitefish. As the exact reasons remain unclear, there are 

effects influencing δ15N in both directions. Baselines for δ15N are higher in the profundal zone 

(Vander Zanden and Rasmussen, 1999), and δ15N can additionally be enriched, when animals 

are starving (Waterlow, 1968, Waterlow et al., 1978, Gannes et al., 1998), which are both 

factors leading to increased δ15N in profundal biota as profundal whitefish. On the other hand, 

littoral whitefish are larger, and may feed on higher trophic levels, and thus a trophic level 

based δ15N signature enrichment may occur. 

Hg concentrations and biomagnification rates differ between species in Lake Norsjø, as Hg 

concentrations are dependent on habitat (Lavoie et al., 2010, Eagles-Smith et al., 2008), 

trophic position (Eagles-Smith et al., 2008), age (Stafford et al., 2003, Eagles-Smith et al., 

2008), and total length (Huckabee et al., 1979, Driscoll et al., 1994, Cizdziel et al., 2002, 

Stafford et al., 2003, Eagles-Smith et al., 2008). The lowest Hg concentrations were found in 

littoral whitefish, which ranged from 0.04 to 0.28 ppm ww. with an average at 0.12 ± 0.05 ppm 

ww. The logarithmically transformed Hg concentrations were only linear dependent on age, 

and this relationship featured the lowest intercept and the lowest slope of all species in this 

study. As littoral whitefish appear to have high growth rates, this could be a result of SGD 

(Thomann, 1989). The low intercepts may be explained by lower Hg baselines, as Hg is 

reported to be positively related to depth (Stafford et al., 2003). The habitat effect may also 

be part of the explanation for the similar average Hg concentrations of all other species, which 

are 0.22 ± 0.22, 0.21 ± 0.08 and 0.21 ± 0.09 for A. char, E. smelt and profundal whitefish 

respectively. A. char exhibits the largest range of Hg concentrations from 0.06 to 1.50 ppm 

ww. The median concentration of 0.14 ppm ww. is low compared to profundal whitefish and 

E. smelt, which both have a median concentration at 0.19 ppm ww., however, the maximum 

concentration in A. char is the highest measured concentration in this study. The low 

concentrations reflect a majority of small and young fish caught, while A. char has the highest 

potential of magnifying Hg due to high maximum age (Klemetsen et al., 2003), profundal 

habitat (Stafford et al., 2003) and poor condition (Cizdziel et al., 2002). Hg concentrations are 

similar in profundal whitefish and E. smelt, while profundal whitefish grows larger than E. 

smelt in Lake Norsjø. Profundal whitefish spawn by the water intake during winter (Borgstrøm 

and Saltveit, 1981), but they may have access to prey from shallow depths in the summer, 

which contains lower amounts of Hg (Stafford et al., 2003). In this study, one ant has been 



21 
 

found in the stomachs of profundal whitefish, proving at least occasional access to terrestrial 

prey. Contrary to profundal whitefish, E. smelt is not shown to ingest potential lower Hg prey. 

Additionally, the largest E. smelt caught in this study, which had a total length of 115 mm, was 

only two years old. This indicates a stagnation in growth, as no E. smelt over 2 years old 

exceeded a length of 115 mm. E. smelt matures at 2 – 4 years of age (Jonsson, 2006), and 

reduced growth rates or stagnation in growth are often a consequence of maturation (Garnås, 

1979). That means that Hg is not diluted efficiently by growth in adult E. smelt, which results 

in high Hg concentrations compared to fish of the same size of other species.   

Important parameter correlations 

Hg concentrations are reported to increase with age and size (Stafford et al., 2003, Eagles-

Smith et al., 2008), which is found in all populations in this study except for littoral whitefish. 

The littoral whitefish population, however, is represented by adult individuals with little 

variation in trophic level, where this effect may not be pronounced in the data. Analogously, 

the correlation between δ15N and Ln[Hg] was not significant for littoral whitefish. Contrary, E. 

smelt and profundal whitefish exhibited a significant, positive correlation between δ15N and 

Ln[Hg], and this correlation was near significant in A. char (p = 0.051), which confirms the 

general hypothesis, that Hg biomagnifies (Cabana and Rasmussen, 1994, Atwell et al., 1998, 

Watras et al., 1998, Eagles-Smith et al., 2008, Lavoie, 2013) for E. smelt and profundal 

whitefish.   

Length and δ13C, and δ13C and δ15N were only significantly, positively correlated in littoral 

whitefish, indicating an ontogenetic diet and habitat shift in this population. A whitefish 

morph, similar in gill raker count, from Lake Paadar (Finland), the large densely rakered 

whitefish, consumes zooplankton in early life stages, before the diet shifts towards surface 

insects (Kahilainen et al., 2014). A similar shift in diet matches the distribution of δ13C in littoral 

whitefish, which varies between a rather pelagic value of -28.88 ‰ and a littoral value of -

23.07 ‰ (Vander Zanden and Rasmussen, 1999), with smaller and younger fish towards the 

pelagic end and older fish towards the littoral end of the scale. This hypothesis could not be 

entirely confirmed by stomach samples, as mainly littoral prey, and only 0.8 Vol-% copepods 

as pelagic prey, were found in littoral whitefish. However, littoral whitefish were only caught 

on one day, leaving the stomach samples as a mere identification of possible prey (Vinson and 

Budy, 2011).  
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An ontogenetic diet shift can also be observed in the stomach samples of A. char. The diet 

shifts form predominantly Chironomidae sp., some pelagic prey such as copepods, and other 

items like Phryganea grandis and roe to a diet mainly based on fish, Chironomidae sp., 

Phryganea grandis and roe. The ontogenetic diet shift in A. char, which have invertebrate 

consumption and cannibalism as different stages in the same life history strategy, has been 

proposed by e.g. Finstad et al. (2006). Another explanation for the differences in the two 

groups is a dimorphism with invertebrate eating dwarfs and cannibalistic giants (Hammar, 

2000), which could persist permanently (Svenning and Borgstrøm, 1995). Parker and Johnson 

(1991), for example, have observed phenological differences between A. char morphs such as 

different numbers of gill rakers. However, molecular techniques have only revealed slight 

genetic differences at first (Hindar et al., 1986, Snorrason et al., 1989, Danzmann et al., 1991, 

Hartley et al., 1992), and different phenotypes are rather a result of genetic and 

environmental components in combination (Nordeng, 1983, Nordeng et al., 1989). More 

recently, evidence for larger genetic differences in A. char was found, especially if different 

populations inhabit different niches (Westgaard et al., 2004, Adams et al., 2007, Gomez-

Uchida et al., 2008, Power et al., 2009, Conejeros et al., 2014, May-McNally et al., 2015). 

Further investigations in Lake Norsjø are necessary in order to determine, whether A. char 

undergoes an ontogenetic diet shift, or if there are two different life history strategies. For 

this purpose, differences in gill raker counts could be examined. 

CONCLUSION 

All investigated populations, except A. char, appeared to be in a similar state as in previous 

studies, though direct comparability was compromised as sampling methods differed. 

Temporal and spatial distributions remained unchanged. A. char is the weaker competitor 

compared to whitefish, thus occupies the profundal zone all year, while profundal whitefish 

spawns on banks in the profundal zone in January-February. European smelt migrates 

vertically during the day, and utilises the profundal zone to avoid predation and for feeding.  

The hypothesised increase in Hg-concentrations with increasing δ15N was confirmed for 

profundal whitefish and E. smelt. Additionally, several horizontal effects determining Hg-

concentrations such as growth dilution and habitat effects were found. In interspecific 
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comparisons, habitat, condition and choice of prey are important factors determining Hg-

concentrations. 
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APPENDIX 1 – TABLES AND FIGURES 

Table A1. Correlations for Arctic char, European smelt, profundal whitefish (W.fish P) and 

littoral whitefish (W.fish L). 

 

        

        

        

        

Species Variable Variable Test S/t ρ/cor df p

A. char Age Length Spearman ranks 36299.9 0.653 - < 0.001

A. char Age ln[Hg] Spearman ranks 386470.8 0.567 - < 0.001

A. char Length ln[Hg] Spearman ranks 42612.54 0.959 - < 0.001

A. char K δ
13

C Spearman ranks 101983.7 0.161 - 0.131

A. char K ln[Hg] Spearman ranks 361694 0.011 - 0.890

A. char K δ
15

N Spearman ranks 156876 -0.291 - 0.005

A. char δ
13

C δ
15

N Spearman ranks 137081.1 -0.128 - 0.228

A. char δ
13

C ln[Hg] Spearman ranks 96570.99 0.022 - 0.841

A. char δ
13

C Length Spearman ranks 79679.77 0.344 - < 0.001

A. char δ
15

N ln[Hg] Spearman ranks 77690.89 0.213 - 0.051

A. char Length Primary Spearman ranks 17373.34 -0.514 - < 0.001

A. char Length Fish Spearman ranks 6639.837 0.422 - 0.006

E. smelt Age Length Spearman ranks 336239.2 0.469 - < 0.001

E. smelt Age ln[Hg] Spearman ranks 226465.2 0.464 - < 0.001

E. smelt Length ln[Hg] Pearson's Product moment 3.875 0.298 154 < 0.001

E. smelt Length δ
13

C Spearman ranks 192492.2 -0.057 - 0.567

E. smelt δ
13

C δ
15

N Spearman ranks 226584.2 -0.244 - 0.013

E. smelt δ
13

C ln[Hg] Spearman ranks 203200.5 -0.184 - 0.066

E. smelt δ
15

N ln[Hg] Spearman ranks 127203.4 0.259 - 0.009

W.fish P Age Length Spearman ranks 113621.9 0.574 - < 0.001

W.fish P Age ln[Hg] Spearman ranks 83105.54 0.689 - < 0.001

W.fish P Length ln[Hg] Spearman ranks 62227.24 0.767 - < 0.001

W.fish P K ln[Hg] Pearson's Product moment -1.774 -0.164 115 0.078

W.fish P K δ
13

C Pearson's Product moment -1.624 -0.186 74 0.109

W.fish P K δ
15

N Pearson's Product moment 0.9753 0.113 74 0.333

W.fish P Length δ
13

C Spearman ranks 84403.69 -0.154 - 0.185

W.fish P δ
13

C δ
15

N Pearson's Product moment -0.8179 -0.095 74 0.416

W.fish P δ
13

C ln[Hg] Pearson's Product moment -1.3697 -0.157 74 0.175

W.fish P δ
15

N ln[Hg] Pearson's Product moment apr.71 0.492 74 < 0.001

W.fish L Age Length Spearman ranks 291.7 0.781 - < 0.001

W.fish L Age ln[Hg] Spearman ranks 453.75 0.659 - 0.002

W.fish L Length ln[Hg] Pearson's Product moment 0.7253 0.169 18 0.480

W.fish L K δ
13

C Pearson's Product moment feb.88 0.515 18 0.020

W.fish L K ln[Hg] Pearson's Product moment -2.7996 -0.551 18 0.012

W.fish L K δ
15

N Pearson's Product moment 0.9584 0.220 18 0.351

W.fish L Length δ
13

C Pearson's Product moment 4.0862 0.694 18 < 0.001

W.fish L δ
13

C δ
15

N Pearson's Product moment feb.57 0.542 18 0.014

W.fish L δ
13

C ln[Hg] Pearson's Product moment -1.3514 -0.304 18 0.200

W.fish L δ
15

N ln[Hg] Pearson's Product moment 0.2158 0.051 18 0.832
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Table A2. Significant linear regressions in Arctic char, European smelt, profundal whitefish 

(W.fish P) and littoral whitefish (W.fish L). 

Species Regression Slope Intersept R2 F df p 

A. char 
Ln(Age) vs 

Length 
59.34 16.98 0,44 144.8 1,183 < 0.001 

E. smelt   5.62 94.94 0.21 40.18 1,154 < 0.001 

W.fish P   29.62 204.11 0.33 56.6 1,115 < 0.001 

W.fish L   96.98 156.38 0.70 42.01 1,18 < 0.001 

A. char Age vs Ln[Hg] 0.098 -2.61 0.37 101.3 1,173 < 0.001 

E. smelt   0.123 -1.88 0.21 41.0 1,152 < 0.001 

W.fish P   0.086 -2.10 0.42 82.4 1,115 < 0.001 

W.fish L   0.073 -2.51 0.20 4.5 1,18 0.047 

A. char 
Length vs 

Ln[Hg] 
0.011 -3.26 0.53 197.1 1,178 < 0.001 

E. smelt   0.017 -3.25 0.09 15.0 1,154 < 0.001 

W.fish P   0.010 -4.03 0.50 115.1 1,115 < 0.001 

W.fish L   22.27 335.21 0.03 0.526 1,18 0.478 

A. char δ15N vs Ln[Hg] 0.360 12.355 0.045 3.908 1,82 0.051 

E. smelt   0.0744 -2.3344 0.04288 4.44 1,99 0.038 

W.fish P   0.1846 -3.2908 0.2425 23.69 1,74 < 0.001 

W.fish L   0.095 8.834 0.003 0.047 1,18 0.832 
 

Table A3. Comparison between littoral and profundal whitefish. 

Variable 
Profundal 

Whitefish 
Littoral 

Whitefish Test W/t df p 
Gill 

raker 26.5 32 
Welch's two-sampled t-

test 7.528 28 < 0.001 
Length 252 276 Mann-Whitney-Wilcoxon 1725.5 - < 0.001 
Length 

at age 3 235 257 

Welch's two-sampled t-

test 2.0535 10 0.067 

Weight 131 176 Mann-Whitney-Wilcoxon 1804 - < 0.001 

K 0.81 0.88 
Welch's two-sampled t-

test 2.9668 27 0.006 

Age 4.0 3.5 Mann-Whitney-Wilcoxon 1006 - 0.312 

δ13C -29.14 -26.34 Mann-Whitney-Wilcoxon 1457.5 - < 0.001 

δ15N 8.60 8.63 
Welch's two-sampled t-

test 0.0988 49 0.922 

Ln[Hg] -1.65 -2.19 
Welch's two-sampled t-

test 5.4215 27 < 0.001 
 


