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Abstract 
There has been a rising trend in the amount of mercury (Hg) found in freshwater fish in many 

northern lake ecosystems. In particular, climate change may lead to increased mobility of Hg 

through increased fluxes of dissolved organic carbon (DOC) – associated Hg to surface waters. 

The concentration of mercury in fish is thought to be strongly driven by processes at the base 

of the food web, where there are knowledge gaps and a great deal of variability in the degree 

of Hg accumulation.  

 

A detailed study of Hg in the lower food web was carried out at two boreal lakes in southern 

Norway that have contrasting levels of DOC. Water and food web samples were taken from 

Røysjø (clear water lake) and Store Øyvannet (brown water lake). We tested out possible 

explanatory driving factors for Hg in aquatic food webs, in order to better be able to make 

predictions on concentrations and uptake and transfer of Hg through the food web. Analysis 

was carried out for a comprehensive set of samples taken during spring, summer and fall of 

2016. Measurements of water quality, DOC and Hg were paired with the characterization of 

the lower food web and trophic interactions based on stable isotope analysis in order to describe 

Hg trophodynamics.  

 

We found that Hg concentrations in water from Store Øyvannet (the brown water lake) were 

approximately six-fold higher compared to Røysjø, highlighting the importance and connection 

between organic matter and Hg concentration in lakes. Determination of lower food web 

structure was challenging particularly due to seasonal variability in baseline δ13C and δ15N 

values in both lakes. Although zooplankton appeared to be feeding selectively on phytoplankton 

with some evidence of allochthonous sources, particularly from small zooplankton from Store 

Øyvannet. We observed seasonal variability in Hg in both water and zooplankton. Methyl 

mercury (MeHg) concentrations tended to increase with increasing zooplankton size and there 

was a significant difference in MeHg concentration in zooplankton (in the 200-500 µm size 

range) between lakes, with concentrations in Store Øyvannet approximately five-fold higher 

than in Røysjø. These data provide important insight into seasonal MeHg cycling in the lower 

food web of two contrasting lakes, and the effects of water chemistry and trophic interactions 

on MeHg concentrations in zooplankton. 
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1!Introduction 
1.1! Mercury as an environmental problem 
Despite the decreased emission of mercury (Hg) in Europe an North America (Driscoll et al., 

2013), recent studies show no change or increasing mercury concentrations in fish in many 

northern lake ecosystems (Hakanson et al., 1988; Åkerblom et al., 2012; Braaten et al., 2014a; 

Gandhi et al., 2014). In its methylated form (MeHg), mercury poses a high risk by being 

neurotoxic and having the ability to cross the blood-brain barrier, with foetuses particularly 

vulnerable (Grandjean et al., 1997; Grandjean et al., 1998). All organisms, however, are at 

potential risk for mercury exposure and the effects caused by its toxicity, which include 

behavioural, neurochemical, hormonal and reproductive effects (Scheuhammer et al., 2007; 

Driscoll et al., 2013). Fish consumption is the primary exposure route of mercury to humans, 

and fish in Norwegian lakes have been found to have concentrations above the recommended 

limit of 0.5 mg Hg kg-1 set by the Norwegian Food Safety Authority (Fjeld et al., 2004). mercury 

levels in fish are thought to be strongly driven by mercury bioaccumulation in the lower food 

web (Lavoie et al., 2013). However, the factors driving variations in Hg in fish amongst lakes 

are many and complex, and studies at lower trophic level are scarce, compared to studies 

focusing on fish and other higher trophic level organisms (Rolfhus et al., 2011; Kidd et al., 

2012; Lavoie et al., 2013).  

 

 
 
Figure 1.!Simplified figure of the mercury cycle and the lake food web, including the microbial loop. 
Red arrows represent the mercury cycle and the blue arrows are indicating energy transfer through the 
pelagic food web (Based on figures from Selin (2009)). 
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1.2! Mercury cycling in the environment 
Mercury is a naturally occurring element, and enters the environment through volcanic 

eruptions, rock weathering and re-emission of historically deposited mercury (Siegel et al., 

1984; Pyle et al., 2003; Pirrone et al., 2010b; Bagnato et al., 2011). Due to anthropogenic 

activities such as combustion of fossil fuel (primarily coal), coal mines and its use in extraction 

of gold, mercury levels in the atmosphere have increased since the beginning of the industrial 

era (Pacyna et al., 2006; Pirrone et al., 2010a; Pirrone et al., 2010b). Estimates suggest that 

there still is an increase in total global emissions, despite the reduction from Europe and North 

America (Driscoll et al., 2013). This is most likely due to increased energy demand and 

emission from Asia (Pirrone et al., 2010a; Pirrone et al., 2010b; Gandhi et al., 2014).  

 

The atmosphere is the main transportation pathway for mercury, where it has a long residence 

time and is subject to transcontinental and global transport (Figure 1). Mercury in the 

environment can exist in different forms including ionic (Hg2+), elemental (Hg0) and methyl 

mercury (CH3Hg), often abbreviated to MeHg (Lindqvist et al., 1985). Mercury is released to 

the atmosphere as volatile Hg0 which can be oxidized to Hg2+ and deposited on forests and 

surface waters. Some of the deposited Hg2+ is reduced to Hg0 and volatilized, the remaining 

accumulates in soil organic matter and soil water, where it may undergo methylation to the 

organic form MeHg. (Demers et al., 2007; Pirrone et al., 2010b; Graydon et al., 2012). Mercury 

bioaccumulation is suggested to be greater in cold northern areas, and especially in boreal 

oligotrophic lakes (Pirrone et al., 2010b; Lavoie et al., 2013), where the oxidization to Hg2+ is 

rapid and the re-volatilization from water and forest soil is low (Martı́nez-Cortizas et al., 1999; 

Ariya et al., 2004; Lavoie et al., 2013).  

 

Mercury stored in soil may act as a source of Mercury to aquatic environments through runoff 

from terrestrial catchments (Munthe et al., 2001). In the soil of catchment areas Mercury may 

bind to dissolved organic matter (DOM), which is thought to be an important transporter of 

mercury (Wiener et al., 2006; Rolfhus et al., 2011). Elevated DOM, larger catchment area to 

lake ratios and greater association with wetland have been associated with increased 

concentrations of mercury in both lake water and food web (Wiener et al., 2006). MeHg is 

produced primarily by sulfate-reducing bacteria, usually under anoxic condition (Compeau et 

al., 1985). Important areas for methylation are lake sediments and wetland (Compeau et al., 

1985; Gilmour et al., 1991; Gilmour et al., 1992; Pirrone et al., 2010b). 
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1.3! Mercury uptake and trophic transfer 
MeHg has the ability to bioaccumulate and biomagnify through the food web (Kidd et al., 1995; 

Lavoie et al., 2013). Bioaccumulation is a process that causes the concentration of MeHg to be 

higher in an organism compared to its ambient environment, as a result of uptake through all 

exposure routes, including diet and absorption across body surfaces (Borgå et al., 2012). MeHg 

is efficiently transferred to and retained by higher trophic levels, leading it to biomagnify in 

aquatic ecosystems (Lavoie et al., 2013). Biomagnification of MeHg occurs when the 

concentrations in the organism exceeds the concentration in its prey, due to dietary absorption 

exceeding faster than elimination (Arnot et al., 2006; Borgå et al., 2012). This can lead to toxic 

concentrations in organisms occupying higher trophic levels, such as fish, where highest 

concentrations are typically observed in old and slow growing individuals, and in fish from 

lakes with longer food webs (Kidd et al., 1995; Pirrone et al., 2010b; Driscoll et al., 2013; 

Lavoie et al., 2013).  

 

1.3.1! The use of stable isotopes as indicators of food web interactions and 

mercury dynamics 
Biomagnification of MeHg food web structure insight can be assessed by the use of stable 

isotope analysis (SIA) of carbon (C) and nitrogen (N). This is largely based on trophic 

fractionation of naturally occurring stable isotopes of elements, where lighter isotopes are 

preferentially excreted, and heavier isotopes are preferentially retained in the consumer 

(Peterson et al., 1987; Fry, 2007). For carbon stable isotopes (12C/13C, referred to as !13C) 

fractionation is limited, typically resulting in a change of only 0-1 ‰ from one trophic level to 

the next. This makes !13C suitable as an indicator of the primary C energy source of the 

consumer (DeNiro et al., 1978; Hecky et al., 1995). Stable isotopes of nitrogen (14N/15N, 

referred to as !15N) can be used to determine the organism´s relative trophic position in the food 

web, since trophic fractionation results in an increase of 2 to 5 ‰ (average 3.4 ‰) in !15N in 

the consumer (Deniro et al., 1981; Minagawa et al., 1984). Furthermore, SIA is widely used in 

contaminant science to get an insight into how the contaminants are circulated in the food web 

(Kidd et al., 1995). Log-transformed MeHg concentrations are significantly and positively 

related to !15N within food web. !15N can therefore be used to assess the biomagnification of 

MeHg (Kidd et al., 2012; Lavoie et al., 2013).  
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1.4! Complex interactions between organic matter and 

mercury 
Sources for particulate organic matter (POM) and dissolved organic matter (DOM) can be 

allochthonous (derived outside of the lake) and autochthonous (derived inside of the lake). 

POM tends to remain near site of production, hence the allochthonous derived organic matter 

to surface waters mainly consists of DOM (Guggenberger et al., 1994). DOM is usually defined 

as organic matter that passes through a 0.45 µm filter (Zsolnay, 2003). DOM consists of a 

complex mixture and allochthonous DOM is usually dominated by humic substances. These 

are naturally occurring biogenic, heterogeneous organic substances that are generally dark 

coloured, recalcitrant to biological degradation and of high molecular weight. This often gives 

lakes receiving higher amounts of allochthonous organic matter their dark colour. Humic 

material also provide a large surface area that is suitable for adsorption of toxic metals such as 

mercury (Jones, 1992; Guggenberger et al., 1994). The complex interactions between binding 

of mercury to DOM can lead to increased deposition of Hg to surface water, but can also act to 

reduce the uptake and transfer through the food web by reducing its bioavailability (Wiener et 

al., 2006). This complexity is highlighted by studies that show contradictory results with 

positive or negative relationships between bioaccumulation of MeHg and DOM (Dittman et al., 

2009; Rolfhus et al., 2011; Lavoie et al., 2013). Increased wetland and catchment to lake ratio 

may promote the transport of DOM and associated mercury to lake surfaces (Munthe et al., 

2007; Larssen et al., 2008; Graydon et al., 2012).  

 

1.5! Lake browning 
Recently many northern lakes seem to becoming increasingly “brown” (Roulet et al., 2006; de 

Wit et al., 2007). Browning is related to increased transport of terrestrial derived, allochthonous, 

organic matter (OM) to the surface water (Hongve et al., 2004). This increased transport is 

thought to be  in response to reduced acid deposition in the form of sulfate (SO4
2-), which is 

altering the solubility of organic matter (de Wit et al., 2007; Monteith et al., 2007b). Further, 

climate change is leading to higher temperatures and increased precipitation (Benestad, 2009), 

which also may drive the transport of allochthonous organic matter by altering hydrology and 

increasing the amount of water flowing through the soil (Tranvik et al., 2002; Hongve et al., 

2004; de Wit et al., 2007). An increasing trend in vegetation cover (“greening”), which has been 
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attributed to climate warming, is also a potential source of organic matter to surface water, by 

adding to the pool of terrestrial organic matter (Finstad et al., 2016). This increase in 

allochthonous organic matter may influence productivity of lakes by affecting the 

physicochemical characteristics of the lakes and absorbing a substantial fraction of the 

incoming photosynthetic active radiation (PAR), hence decreasing light penetration and the 

light available for photosynthesis (Thrane et al., 2014)  

 

1.6! Effects of lake browning on mercury concentrations 
The increasing concentration of Hg in fish appear to be connected with the browning of surface 

water (Rolfhus et al., 2011; Akerblom et al., 2012). Brown water lakes that have higher levels 

of allochthonous organic matter often have higher mercury concentrations, suggesting a 

possible connection between the recent increase in browning of surface water (Monteith et al., 

2007b) and the observed increases in fish Hg concentrations (Åkerblom et al., 2012; Braaten et 

al., 2014a; Gandhi et al., 2014). Physicochemical characteristics, plankton community structure 

and lake productivity may drive much of the variation in fish mercury concentrations, by 

affecting mercury bioavailability and uptake at the water – primary producer interface (Clayden 

et al., 2013; Lavoie et al., 2013). In conditions of high productivity mercury concentrations are 

expected be lower due to algal biomass dilution (under algal bloom conditions) (Pickhardt et 

al., 2002) and increased zooplankton density (zooplankton density and growth dilution), which 

would be reflected upwards in the food web (Chen et al., 2005). In low productivity, 

oligotrophic lakes mercury concentrations in biota may be higher, due to increased importance 

of  allochthonous organic matter as a source of energy and nutrients to the microbial community 

(Monteith et al., 2007a; Lavoie et al., 2013). Further, the bacteria have been shown to be 

important an important source of carbon for multiple zooplankton species, hence serving as an 

entry route of mercury to the lake food web. However, bacteria is also of lower food quality 

and may lower the trophic efficiency (Hessen, 1985b; Hessen, 1992; Mason et al., 1996).  

 

However, there is still a lot of unexplained variability and a lack of detailed seasonal work. 

Strong gaps exist in the understanding of factors driving the initialising exposure, 

bioavailability and uptake of Hg in the lower food web and how browning may affect future 

cycling of mercury (Driscoll et al., 2013; Lavoie et al., 2013). Therefore, there is a need to gain 

more insight into the complex interactions between organic matter and mercury and how this 

may affect Hg bioaccumulation in lower trophic levels. 
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1.7! Aims and hypothesis 
The aim of this study was to test how physicochemical conditions and lower food web structure 

affect Hg concentrations and bioaccumulation, by following one clear and one brown water 

lake. Field work was conducted through spring, summer and autumn to identify possible 

seasonal variation. The study addressed the aims by testing the hypothesis H1-H5:  

 

H1: Allochthonous organic matter, as shown by higher lake organic carbon content and 

browning of surface water, will affect the physicochemical parameters of the lake, such as 

decreasing the depth of the thermocline, light penetration, euphotic zone and possibly lake 

productivity. 

 

H2: Increased input of allochthonous organic matter will lead to higher Hg concentrations in 

water, and will therefore be higher at Store Øyvannet compared to Røysjø. 

 

H3: Zooplankton in Store Øyvannet will have a higher reliance on allochthonous organic matter 

(due to higher availability and increased bacterial productivity relative to autotrophic 

productivity).  

 

H4: The lake food web in Store Øyvannet will be exposed to higher concentrations of Hg 

through their environment and diet. Zooplankton in the same lake will therefore have a higher 

concentration and bioaccumulate mercury to a higher extent. 

!

H5: Changes in lake physicochemical characteristics and primary dietary source, allochthonous 

versus autochthonous, may influence the diet and Hg concentrations in zooplankton through 

the seasons 
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2!Materials and methods 
2.1! Study areas 
Samples were collected from two contrasting lakes, Røysjø (clear water lake) and Store 

Øyvannet (brown water lake), in the south boreal region of Norway. The lakes were chosen 

based on previous data and a survey on mercury (Hg) concentration in perch (Perca fluviatilis) 

in the south of Norway, conducted by the Norwegian Institute for Water Research (NIVA) on 

behalf of the Norwegian Pollution Control Authority (SFT) (Fjeld et al., 2009). The study 

revealed approximately six-fold higher concentrations of mercury in perch from Store 

Øyvannet (named Øyvannet in the study) compared to Røysjø. In addition, an increase in perch 

mercury concentration was observed at Store Øyvannet from 1991 to 2008. These two lakes 

were also chosen based on their close proximity to one other, allowing us to sample the lakes 

on the same day, Røysjø in the morning and Store Øyvannet in the afternoon. Field sampling 

was conducted from May to October approximately every fourth week, giving seven samplings 

dates (see Appendix A for detailed sampling dates and times).  
!!!!

!

Figur 2. Illustration of the study sites, Røysjø (lower right) and Store Øyvannet (upper right). (Map 
from The Norwegian Water Reasearch and Energy Directorate (NVE)) 

! !
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Table 1. Information on the station lakes, Røysjø and Store Øyvannet. Location, lake number, area, 
meters above sea level (MASL) and UTM coordinates. Lake number is the identification number given 
by the Norwegian Water Resource and Energy Directorate (NVE).  

 Røysjø Store Øyvannet 
County Vestfold Vestfold 
Municipality Sande Sande 
Lake number 5706 5742 
Area (km2) 0.7075 0.3618 
Catchment area (km2) 3.24 5.46 
MASL 207 442 
UTM zone 32 32 
Coordinates 6614749.13mN and 

573465.63mE 
6611560.61mN and 
562196.74mE 

 

2.2! Sample collection 
All samples were collected following the same procedure at both lakes. Water and zooplankton 

samples were collected from the centre of the lake. To obtain the temperature profile of the 

lakes a handheld CTD (RBR XRX-620) was lowered through the water column, until just off 

the bottom. The CTD was equipped with sensors for measuring temperature, pressure (depth), 

fluorescence (chlorophyll a, phycocyanin and phycoerythrin), photosynthetic active radiation 

(PAR) and optical dissolved oxygen, which gave information on the stratification of the water 

column, vertical distribution of phytoplankton biomass and light conditions in the water 

column. The CTD was also equipped with conductivity and density sensors. Secchi depth was 

recorded at each station for all sampling dates, in order to assess the transparency of the water. 

 

The light attenuation coefficient was estimated from PAR vertical profiles, based Beer´s law, 

with the formula: 

 

ln !! = !!"(!!)− ! ∗ !          (Equation 1) 

 

, where Ez is the is the radiation at depth z, E0 is the radiation just below the surface, K is the 

attenuation coefficient. Values were estimated using linear regression of ln(Ez) against z, where 

the intercept of the fitted regression line is an estimate of ln(E0) and the slope (regression 

coefficient) is an estimate of the attenuation coefficient (K).  
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The euphotic depth, where 1 % of the PAR remains, was calculated as: 

 

!! = !!"!(!.!")
!             (Equation 2) 

 

, where Ze is the euphotic photic depth and K is the attenuation coefficient for PAR.  

 

2.2.1! Water samples 
Water was collected from two different water layers, hereafter referred to as “surface” and 

“deep”. From the surface, water was sampled using a stainless steel bucket. While deep water 

samples were collected using a Niskin water sampler (model 1010-1.2 TO, from General 

Oceanics, Miami, Florida). Deep water was collected from 10 m at Røysjø and 8 m at Store 

Øyvannet, chosen based on the depths of the lake (determined by a depth sounder) to avoid 

hitting the bottom.  

 

The sampled water was stored in carboys (15 L), one for surface and one for deep water. The 

carboys had been acid washed using a hydrochloric acid bath (28 L water and 1.5 L HCl (37%)) 

and rinsed with de-ionised (DI) water between each sampling time. Carboys were rinsed twice 

with sample water in the field before filling.   

 

Two 1 L polycarbonate general water chemistry bottles were filled with water from surface and 

deep. The bottles were rinsed twice with sample water before filling.  

 

Total and methyl mercury (TotHg and MeHg) samples were collected in 250 mL fluorinated 

polyethylene (FLPE) bottles, following ultraclean sampling procedure to avoid contamination 

(Braaten et al., 2014c). All bottles were previously unused and pre-tested for traces of TotHg 

(quality tested by Brook Rand Labs; mean TotHg concentrations = 0.02 ng L-1). TotHg and 

MeHg were sampled in separate bottles and kept in double plastic bags to avoid possible errors 

during storage (Parker et al., 2005; Braaten et al., 2014c). The FLPE sampling bottle for MeHg 

had been pre-loaded with 1 mL hydrochloric acid (concentrated trace level grade) to yield a 0.4 

% solution.  
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The following samples were collected for potential future analysis: 100 mL brown polyethylene 

bottles were filled with lake water for phytoplankton identification, and preserved in the field 

with 0.5 mL Lugol´s iodine. Three 2 mL cryovials were filled for each depth for flow cytometry 

(FCM) analysis of microbial and viral abundance. The cryovials were pre-spiked with 

glutaraldehyde, and were stored at -80°C. 

 

2.2.2! Zooplankton samples 
Zooplankton were sampled by conducting two to three vertical hauls using cleaned plankton 

nets with mesh sizes of 50 µm and 150 µm. Samples were collected from approximately 1 m 

above the lake bottom to the top of the water column (from 11 m and 8 m depth at Røysjø and 

Store Øyvannet respectively). Zooplankton from all net hauls were pooled and size fractioned 

in the field by screening through a sieving tower with mesh sizes of 50, 200 and 500 µm, thus 

yielding size fraction groups of 50-200, 200-500 and > 500 µm. 

 

Subsamples from each size fraction were placed in to two 20 mL polyethylene (PE) vials, one 

for stable isotope analysis (SIA) and mercury (Hg) analysis, the other for zooplankton 

identification. The samples for identification were filled with lake water and preserved by 

adding ~ 2 mL formalin (40 % formalin to a final concentration of 4 %). When there was 

sufficient material, a subsample of zooplankton was also placed in a 2 mL cryovial for fatty 

acid analysis (FAA), and stored at -80°C. These data will therefore not be discussed in this 

thesis.  

 

2.3! Sample processing and analysis 
All samples were transported back to the NIVA´s analytical lab, where water samples were 

further processed through filtration (the same day as sampling) and samples were stored before 

further analysis.  

 

The following samples were filtered and kept for future analysis and will not be further 

discussed: Suspended particulate matter (SPM) filtered on to pre-dried and pre-weighed 47 mm 

Whatman! glass microfiber filters (GF/F grade), and 47 mm Whatman! QMA quartz filters 

(QMA filter) (filters had been dried in an oven at 60°C for 1 hour) and were stored at -20 °C. 

Water was also flteres through a 0.2µm Isopore! polycarbonate membrane filter, on a Teflon 
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filtration tower and was stored dark in a 15 mL falcon tube at 4°C for characterisation of 

dissolved organic matter (DOM) through absorption and fluorescence spectra. 

 

2.3.1! General water chemistry and nutrient measurements 
The 1 L polyethylene bottles filled in the field were delivered to NIVA´s analytical lab as soon 

as possible (usually the same or next day), where the water was analysed for ammonium (NH4
+), 

chloride (Cl-), sulfate (SO4
2-), phosphate (PO4

3-), nitrite + nitrate (NO2
-/NO3-), silicate (SiO2) 

and pH.  

 

Additional 100 mL bottles were filled with water, from both surface and deep, for analysis of 

dissolved nutrients, total nitrogen and phosphorus (TN and TP), total and dissolved organic 

carbon (TOC and DOC). Water for the DOC analysis was pre-filtered through 0.2µm Isopore! 

polycarbonate membrane filter on a Teflon filtration tower and filled into a 100 mL brown glass 

bottle. These samples were preserved using 1 mL sulfuric acid (H2SO4). 

 

For particulate phosphorus (Part P) analysis, water was filtered through a GF/F filter, and stored 

at -20 °C.  

 

Samples were analysed at NIVA, and details regarding analytical methods for surface and deep 

water chemical analyses are described by Skarbøvik (2016). 

 

 

2.3.2! Chlorophyll a measurement 
For determination of chlorophyll a (Chl a) water was filtered through triplicate GF/F filters for 

each depth. Filter were stored at -20°C until further analysis. Chl a was analysed at the 

University of Tromsø. Chl a was extracted in methanol and measured through fluorometry for 

their total pigment content, on a Turner 10-AU fluorometer (Turner designs Synnyvale, 

California) (Stainton et al., 1977).  

 

2.3.3! Stable isotope analysis 
Stable isotopes analysis for carbon (δ13C) and nitrogen (δ15N) was carried out for zooplankton 

samples and particulate organic matter (POM; filtered through a pre-combusted GF/F filter to 

obtain the target mass of 20-150 µg N and 200-2000 µg C). Prior to analysis, both POM filters 
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and zooplankton samples were freeze dried for 24-48 hours. To prepare POM samples for 

analysis, as much as possible of the unused filter was removed before placing the sample in a 

tin capsule (10.5 x 9 mm, D1104 BN-245382, Element microanalysis Ltd., Okehampton, UK). 

Freeze dried zooplankton samples were also weighed out (~ 0.25-1 mg) into tin capsules (8 x 5 

D1009 BN-249455, Element microanalysis Ltd., Okehampton, UK). For every 10th 

zooplankton sample a replicate sample was weighed out.  

 

Stable isotope analysis was carried out at the Stable Isotope Facility, University of California, 

Davis (UC Davis Stable Isotope Facility, Davis, California, USA). Briefly, 13C and 14N isotopes 

were analysed for zooplankton using an PDZ Europa ANCA-GSL elemental analyser interfaced 

to a PDZ Europa 20-20 continuous flow isotope ratio mass spectrometer (IRMS), (Sercon Ltd., 

Cheshire, UK). While 13C and 14N isotopes for POM filters were analysed using an Elementar 

Vario EL Cube or Micro Cube elemental analyser (Elementar analysensysteme GmbH, Hanau, 

Germany) interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 

Cheshire, UK). Long term standard deviation was ± 0.2 ‰ for 13C and ± 0.3 ‰ for 15N. 

 

Final delta (δ) values received from the Stable Isotope Facility UC Davis were calculated 

following the formula: 

 

δX = !!"#$%&
!!"#$%#&%

− 1 ∗ 1000        (Equation 3) 

 

, where X represent the δ13C or δ15N, Rsample was the corresponding ratio of heavy to the light 

isotope in the sample (13C/12C, 15N/14N), expressed in ratio to international standards, Rstandard, 

(Vienna PeeDee Belemite (VPDB) for C and atmospheric nitrogen for N) and in units of per 

thousand (‰) (Peterson et al., 1987).  

 

Further the relative enrichment factor, ∆15N (increase in 15N form POM to consumer) was 

calculated for each zooplankton size fraction as: 

 

∆!"!!"#$%&'( = !δ!"!!"#$%&'( − !δ!"!!"#      (Equation 4) 

 

, in which ∆15Nconsumer represent the enrichment factor of the consumer (zooplankton), 

δ15Nconsumer the corresponding measured δ15N in the consumer and δ15NPOM the baseline δ15N in 
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POM. For ∆15N calculations at Røysjø δ15N in POM from the deep water was chosen as 

baseline, while δ15N from POM in the surface water were chosen as baseline for Store Øyvannet 

(see result section 2.3.3 and discussion 4.4). Enrichment factor was calculated rather than 

trophic level due to high uncertainties and variations through season in the in the fractionation 

(average of 3.4 ‰) between phytoplankton and zooplankton species, as well as the complex 

mix of organisms present in both POM and zooplankton samples. 

 

We were unable to obtain enough material for SIA for each zooplankton size fraction at each 

sampling, and results from the October sampling are not yet available.  

 

2.3.4! Mercury analysis 
All mercury analysis was carried out at NIVA´s analytical lab. Total mercury (TotHg) was 

determined through oxidation, purge and trap and cold vapour atomic fluorescence 

spectrometry (CVAFS). Based on USEPA method 1631. Meanwhile methyl mercury (MeHg) 

in water was determined through distillation, aqueous thylation, purge and trap, and cold vapour 

atomic fluorescence spectrometry (CVAFS). Based on USEPA method 1630 (Braaten et al., 

2014b; Braaten et al., 2014c). For both species, automated systems were used for analysis 

(MERX automated system with Model III AFS Detector; Brooks Rand Labs).  

 

For methyl mercury (MeHg) analysis of POM, water was filtered onto a pre-combusted QMA 

filter, using a Teflon filtration manifold. Zooplankton fraction samples and POM filters were 

freeze dried for 24-48 hours before being placed in 20 mL brown glass vials. MeHg was 

extracted through nitric acid digestion, using a 30 % nitric acid (HNO3) solution and digestion 

at 60°C for 12 hours. After digestion DI water was added prior to analysis. Samples were 

analysed by thermal decomposition and direct atomic absorption spectrophotometry (Lumex 

Mercury Analyser RA915) (Braaten et al., 2014a). Quality assurance and quality control 

measures for zooplankton analysis included a duplicate for approximately every 10th sample, 

method blanks (n = 3) and two different certified reference materials (NIST SRM 2976, mussel 

tissue and TORT-2, lobster hepatopancreas; n =3, of which one was spiked with 0.5 mL 1 ng 

mL-1 MeHgCl). For POM this included filter blanks (n = 3), acid blanks (n = 3) and certified 

reference material (NIST SRM 2976, mussel tissue, n = 3, of which one was spiked with 0.5 

mL 1 ng mL-1 MeHgOH). CRMs were always within the certified concentration range for 

MeHg, while differences for replicate samples were < 10 % and < 20 % for THg and MeHg, 

respectively.  
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Bioaccumulation factor (BAF) for MeHg concentrations was calculated as: 

 

!"#!"#$%&'( = !!"#$!"#$%&'(!"#$!"#$%
         (Equation 5) 

 

, where BAForganism represent the increased concentration of MeHg in the organism compared 

to its ambient environment (i.e. water), MeHgorganism was the measured mercury concentration 

in the zooplankton size fractions and MeHgwater is the concentration freely dissolved MeHg in 

water (total MeHg concentration in water minus MeHg concentration in POM) (Arnot et al., 

2006).  

 

We were unable to obtain enough material for MeHg analysis for each zooplankton size fraction 

at all the samplings. 

 

2.3.5! Zooplankton identification 
Zooplankton was identified through microscopy, to genus, and species level where possible, in 

order to gain insight into differences in in zooplankton community composition between 

different size fractions and between the two study lakes. However, it should be noted that these 

data reflect relative abundance and biovolumes, rather than absolute abundances and 

biovolumes, since these samples are non-quantitative subsamples from net hauls where the 

water volume that has passed through the net is not known.  

 

2.4! Statistical analysis  
The statistical program R (R Core Team, 2016) was used for statistical analysis and significance 

level was set to p = 0.05.  

 

To asses if the data deviated from normal distribution, the Shapiro-Wilk normality test was 

conducted for the individual lakes, Røysjø and Store Øyvannet. The Shapiro-Wilk test 

estimated the mean and standard deviation of the parameters in the randomly sampled data set 

and tested the goodness of fit of a normal distribution to this data set. Fligner-Killeen, a non-

parametric test which is robust against departures from normality, was used to test for 

homogeneity of variance in the data set.  
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Data was log10 transformed to reduce deviations from normality and ensure homogeneity of 

variance. Kruskal-Wallis rank sum tests (non-parametric) were used to test for significant 

difference of variables between lakes and between depths and season within each lake. Kruskal-

Wallis is a non-parametric test which assumes homogeneity of variance but do not have the 

assumption of normality, and can be used when there are more than two groups.   

 

Analysis of variance (ANOVA) was used to investigate significant difference between light 

attenuation, euphotic depth and secchi depth for the light characterisation at Røysjø and Store 

Øyvannet. ANOVA was used due to these parameters having a normal distribution. Data was 

log10 transformed to further reduce normality and ensure homogeneity of variance.  

 

Spearman´s rank correlation was used to examine correlation between the different parameters 

within the two different lakes. Spearman´s rank correlation does not assume normal distribution 

or homoscedastic data. The correlation coefficient, ρ (rho), lie between -1 and 1, and when ρ 

equals 0 the ranks of one variable do not covariate with the ranks of the other variable. The 

closer ρ lies to -1 or 1 the stronger the negative or positive correlation were, respectively. 

 

2.4.1! Data below limit of quantification 
For the measured concentrations for chemical water parameters where values were reported 

under the limit of quantification (LOQ), or method detection limit (MDL) for MeHg and TotHg, 

a substituted was made with a random real number between 0.5 x LOQ/MDL and LOQ/MDL. 

The values were calculated using the RAND() function in Excel following the formula:  

 

= !"#$() !∗ (! − !)+ !          (Equation 6) 

 

, where RAND() generated a random real number between a and b, a was the LOQ/MDL and 

b was 0.5 x LOQ/MDL. Usually there was only one measurement that was below LOQ/MDL 

for the variable. The likelihood for this number being closer to the detection limit than zero is 

therefore higher, and the random number was set to be between 0.5 x LOQ/MDL and 

LOQ/MDL. Random numbers were generated for 6 of 7 deep water and 3 of 7 surface water 

samples for PO43- measured at station Røysjø, hence there are high uncertainties associated with 

this parameter and it is marked with an asterisk (*) whenever used.  
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2.4.2! Multivariate analysis 
Principal component analysis (PCA) was conducted to explore correlations, similarities and 

differences between the multiple measured variables and the two lakes, Røysjø and Store 

Øyvannet, simultaneously. Redundancy analysis (RDA) was carried out to investigate the 

amount of variance in the data set could be explained by the individual explanatory variables. 

PCA and RDA was conducted with the following response variables: water chemistry 

parameters, TOC and DOC, TotHg and MeHg in water and Chl a, MeHg and stable isotopes 

(!13C and !15N) in POM, and with the following explanatory variables: lake, depth and season. 

Since we unfortunately have not received the results for !13C and !15N in POM from the 

October sampling, the October sampling is excluded from the multivariate analysis. 

Multivariate analyses were conducted using the vegan package in R. 

 

A PCA was conducted with the purpose of reducing the dimensions in the data set and 

explaining the structure and main patterns of the data by only a few components. The 

information from the standardized variables were extracted and represented as a set of new 

variables called principal components (PC). Where the first PC accounts for the greatest amount 

of variance, and the subsequent PCs explain successively less of the original variance. The first 

two PCs, accounting for a substantial amount of the original variance, were extracted to make 

a PCA plot. The PCs are orthogonal to one another, meaning they have zero correlation. The 

PCA is visualized as a triplot, where the scores (lake, depth) are represented as points, date as 

a passive vector and the response variables (water chemistry, Hg, etc.) are represented as 

vectors loading on PC1 and PC2. The explanatory variables were passively projected on the 

PCA triplot, to visualize correlations between the response- and explanatory variables and do 

not affect the spread or relationship between response variables. The length of the vectors 

indicate amount of variability associated the variable, while the direction indicates an increase 

in value. The cosine of the angle between vector reflects the correlation. Vectors pointing the 

same way or opposite way are positively or negatively correlated, respectively, while vectors 

perpendicular to each other are uncorrelated (Sparks et al., 1999). 

 

RDA is a direct (constrained) gradient analysis extension of PCA and it makes the same general 

assumptions. Unlike PCA the axes in the RDA biplot  are constrained to be linear combinations 

of the explanatory variables, and the vectors loaded on the axis are a measure of this variation, 

hence RDA can be described as the multivariate analogue to linear regression (Palmer et al., 
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2008). In the present study RDA was performed to investigate the amount of variance in the 

data set that could be explained by the individual explanatory variables. The RDA was followed 

by an analysis of variance (ANOVA) to investigate if the amount of variance explained was 

significant. 

 

2.4.3! Post hoc tests 
Linear regression was used as a post hoc test to investigate the potential relationship amongst 

response variables. Linear models (lm) were constructed, based on the PCA plot where 

correlations were observed, to assess if one or more response variables could explain the 

variance in the correlated response variable and quantify the amount of variance explained (r2).  
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3!Results 
3.1! Physicochemical characterisation of Røysjø and Store 

Øyvannet 
We observed large physicochemical differences between the study lakes, Røysjø and Store 

Øyvannet, including differences in mixing, light penetration and water chemistry. At Røysjø, 

the observed thermocline was deeper, ranging from approximately 5-16 m, compared to Store 

Øyvannet, where it ranged from approximately 2-5 m, depending on season. As such, the deep 

water samples were collected below the thermocline in both Røysjø and Store Øyvannet, except 

in October when the water column was fully mixed. Store Øyvannet was the first lake to stratify 

in the summer and the first lake to fully circulate in the autumn. The highest epilimnetic 

temperatures were during summertime, June to August, and were quite similar between the 

lakes, ranging from 18-20°C at Røysjø and 16-20°C at Store Øyvannet. The coldest epilimnetic 

temperature was 8°C at Røysjø and 5°C at Store Øyvannet, both in October. Hypolimnetic 

temperature was  between 5-6°C and 5- 8.5°C at Røysjø and Store Øyvannet, respectively 

(Figure 3).  

 

The chlorophyll a (Chl a) maximum (based on CTD data) in Røysjø was deep, usually under 

the thermocline, ranging between 0.7-1.2 µg L-1. The lowest concentrations were found in late 

June and July, while the highest concentrations were observed in May and September. In Store 

Øyvannet the chl a maximum was observed near the thermocline, with concentrations ranging 

from 0.7-1.8 µg L-1. Late June and July had the lowest concentrations, while the highest 

concentrations were found in May, early June and August (Figure 3).  
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!
Figur 3. CTD profiles for temperature and chlorophyll a through the seasons at Røysjø (to the left) and 
Store Øyvannet (to the right).  

!
We observed contrasting mean depths of the euphotic zone between Røysjø and Store 

Øyvannet, with a deeper mean euphotic depth at Røysjø (ANOVA, p < 0.05), due to the higher 

attenuation coefficient at Store Øyvannet than Røysjø, (ANOVA, p < 0.05). In addition, a clear 

difference between lakes was observed for measured mean Secchi depth, which was at a deeper 

level at Røysjø compared to Store Øyvannet (ANOVA, p < 0.05) (Table 2). 

 
Table 2. Physical characterisation of the mean annual light attenuation coefficient (K) and euphotic 
depth (Ze), calculated based on the photosynthetic active radiation (PAR), at Røysjø and Store Øyvannet. 
The contrasting mean ± standard deviation and the range from minimum to maximum. 
 Røysjø  Store Øyvannet 
Physical Mean ± SD Range  Mean ± SD Range 
PAR (µmol s-1 m-2) 92.3 ± 216 0.030-2500  96.5 ± 333  0.070-4500 
K (m-1) 0.29 ± 0.025 0.26-0.32  1.7 ± 0.49 0.99-2.61 
Ze (m) 16.2 ± 1.38 14.2-17.8  2.9 ± 0.90 1.8-4.7 
Secchi depth (m) 9.4 ± 1.4 8.1-11.5  1.8 ± 0.24 1.5-2.1 

 

  



 
!

20 

Røysjø had higher measured concentrations of nitrite/nitrate (NO2
-/NO3-, from now on referred 

to as nitrate), compared to Store Øyvannet (Kruskal-Wallis, p < 0.05) while Store Øyvannet 

had higher concentrations of ammonium (NH4
+) and total nitrogen (TN) (Kruskal-Wallis, both 

p < 0.05). Both nitrate and ammonium concentrations were significantly different between 

depths at Store Øyvannet, with higher concentrations in the deep water (Kruskal-Wallis, p = 

0.021, p = 0.0072). Mean annual concentrations of Chl a, as a measurement of phytoplankton 

biomass, was quite similar between Røysjø (0.39 ± 0.20) and Store Øyvannet (0.41 ± 0.37), 

however the Chl a concentration were higher in the surface compared to the deep water at Store 

Øyvannet (Kruskal-Wallis, p = 0.025) (Table 3,4 and figure 4).  

 

Total and dissolved organic carbon (TOC and DOC) were approximately three-fold higher at 

Store Øyvannet compared to Røysjø, regardless of depth (Kruskal-Wallis, both p < 0.05). Over 

90 % of the TOC consisted of DOC, and low amounts of variation were observed between 

depths. Both total and methyl mercury (TotHg and MeHg, respectively) in water were 

approximately five-fold higher at Store Øyvannet compared to Røysjø (Kruskal-Wallis, p < 

0.05) (Table 3,4 and Figure 5).  

 

 
Figure 4. Scatter plot (to the left) of chlorophyll a (Chl a, mg m-3), as a measurement of phytoplankton 
biomass, plotted against sampling dates, showing the seasonal variation. Boxplot of Chl a (to the right) 
for both sampling depths at Røysjø (blue) and Store Øyvannet (red). The horizontal band inside the 
boxes marks the median, the lower and upper lines of the boxes represent the first and the third quartiles, 
respectively. The extended whiskers are the most extreme data points (while the individual points 
represent outliers). 
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!
Figure 5. Boxplot of total and dissolved organic carbon (mg L-1) and total and methyl mercury (ng L-
1), measured in both lakes, Røysjø (blue) and Store Øyvannet (red), and at both depths (surface and 
deep). The horizontal band inside the boxes marks the median, the lower and upper lines of the boxes 
represent the first and the third quartiles, respectively. The extended whiskers are the most extreme data 
points, while the individual points represent outliers. 
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Table 3. Chemical and biological characterisation of Røysjø based on water chemistry measurements 
in surface and deep water samples. Stable isotope analysis and methyl mercury (MeHg) measurements 
were also carried out for particulate organic matter (POM) from surface and deep water. Here is the 
contrasting mean ± standard deviation and the range (minimum – maximum) for both depths presented. 

 Røysjø 
 Surface  Deep 
 Mean ± SD Range  Mean ± SD Range 
Chemical/biological      
NH4+ (µg L-1) 15 ± 17 6.0 – 52   13 ± 7.4 6.0 – 28 
Cl- (mg L-1) 2.04 ± 0.298 1.80 – 2.63  1.97 ± 0.0816 1.90 – 2.10 
SO42- (mg L-1) 2.13 ± 0.103 2.01 – 2.30  2.15 ± 0.0454 2.07 – 2.20 
PO43- (µg L-1)* 1.8 ± 1.7 0.62 – 5.0  0.777 ± 0.210 0.530 – 1.00 
NO2-/NO3- (µg L-1) 104 ± 17.3 83.0 – 131  110 ± 16.8 81.0 – 128 
SiO2 (µg L-1) 2866 ± 172.0 2680 – 3170  2854 ± 167.7 2670 – 3120 
TN (µg L-1) 358 ± 197 250 – 800  287 ± 22.3 250 – 320 
TP (µg L-1) 5 ± 2 2 – 8  3 ± 1 2 – 5 
pH (pH units) 6.48 ± 0.236 6.33 – 6.67  6.40 ± 0.074 6.32 – 6.51 
      
DOC (mg L-1) 2.6 ± 0.58 2.3 – 3.9  2.3 ± 0.048 2.3 – 2.4 
TOC (mg L-1) 2.7 ± 0.68 2.3 – 4.2  2.4 ± 0.095 2.3 – 2.6 
      
PartC (µg L-1) 207.4 ± 48.78 149.5 – 289.8  233.5 ± 46.38 177.3 – 312.2 
PartN (µg L-1) 25.99 ± 4.599 20.75 – 33.56  32.77 ± 8.536 20.88 – 45.01 
PartP (µg L-1) 1.71 ± 0.488 1.00 – 2.00  1.57 ± 0.535 1.00 – 2.00 
      
PartC : PartN 9.33 ± 1.62 7.22 – 12.0  8.72 ± 2.36 5.59 – 11.5 
PartC : PartP 311 ± 120 193 – 521  181.3 ± 233 229 – 806 
PartN : PartP 33.8 ± 14.0 23.0 – 60.5  57.4 ± 31.7 23.1 – 99.7 
      
Chl a (mg m-3) 0.375 ± 0.213 0.0909 – 0.720  0.409 ± 0.201 0.144 – 0.696 
Pheo (mg m-3) 0.122 ± 0.114 0.0142 – 0.354  0.176 ± 0.077 0.102 – 0.318 
      
SIA      
!13C POM (‰) -30.15 ± 0.4683 -30.67 – -29.67  -32.16 ± 1.120 -33.46 – -30.81 
!15N POM (‰) 0.1050 ± 1.830 -2.470 – 2.810  -0.6450 ± 1.435 -2.330 – 1.310 
      
Mercury      
TotHg (ng L-1) 0.6 ± 0.3 0.05 – 0.8  0.6 ± 0.1 0.5 – 0.8 
MeHg (ng L-1) 0.020 ± 0.010 0.010 – 0.050  0.02 ± 0.02 0.01 – 0.06 
MeHg POM (ng L-1) 0.0055 ± 0.0017 0.0032 – 0.0078  0.0072 ± 0.0018 0.0051 - 0.010 

* > 40 % of the measurements were under the limit of quantification (LOQ) and have been asigned 
random real numbers.  
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Table 4. Chemical and biological characterisation of Store Øyvannet based on water chemistry 
measurements in the surface and deep. Stable isotope analysis and methyl mercury (MeHg) 
measurements were also carried out for particulate organic matter (POM) from surface and deep water. 
Here is the contrasting mean ± standard deviation and the range (minimum – maximum) for both depths 
presented. 

 Store Øyvannet 
 Surface  Deep 
 Mean ± SD Range  Mean ± SD Range 
Chemical/ 
biological 

     

NH4+ (µg L-1) 19 ± 8.3 9.0 – 31  33 ± 4.2 29 – 41 
Cl- (mg L-1) 1.30 ± 0.0806 1.19 – 1.44  1.33 ± 0.023 1.30 – 1.36 
SO42- (mg L-1) 0.893 ± 0.0754 0.770 – 0.970  0.984 ± 0.0215 0.950 – 1.01 
PO43- (µg L-1) 1.9 ± 0.90 1.0 – 3.0  2.3 ± 0.76 1.1!– 3.3 
NO2-/NO3- (µg L-1) 42 ± 27 8.0 – 80  76 ± 7.3 65 – 84 
SiO2 (µg L-1) 2387 ± 445.4 1940 – 3140  3090 ± 215.0 2610 – 3210 
TN (µg L-1) 330 ± 21.6 300 – 355  349 ± 29.8 295 – 385 
TP (µg L-1) 9.4 ± 2.6 7.0 – 15  10 ± 1.0 9.0 – 11 
pH (pH units) 5.94 ± 0.129 5.73 – 6.12  5.71 ± 0.077 5.62 – 5.87 
      
DOC (mg L-1) 7.9 ± 0.43 7.4 – 8.5  7.5 ± 0.16 7.3 – 7.7 
TOC (mg L-1) 8.2 ± 0.51 7.5 – 9.0  8.0 ± 0.17 7.8 – 8.3 
      
PartC (µg L-1) 296.5 ± 111.9 168.9 – 456.4  355.6 ± 112.5 243.5 – 501.9 
PartN (µg L-1) 37.95 ± 9.291 21.95 – 49.79  35.74 ± 11.59 18.01 – 48.36 
PartP (µg L-1) 4.37 ± 2.96 0.593 – 8.00  5.00 ± 2.52 3.00 – 8.00 
      
PartC : PartN (µM) 9.26 ± 3.14 6.50 – 13.7  12.0 ± 2.75 8.80 – 17.0 
PartC : PartP (µM) 344 ± 268 92.5 – 736  237 ± 115 84.7 – 404 
PartN : PartP (µM) 35.4 ± 25.8 13.8 – 82.0  21.3 ± 10.8 4.98 – 34.4 
      
Chl a (mg m-3) 0.627 ± 0.417 0.0886 – 1.20  0.1971 ± 0.08411 0.09213 – 0.3071 
Pheo (mg m-3) 0.255 ± 0.167 0.0487 – 0.568  0.2015 ± 0.08373 0.05769 – 0.3015 
      
SIA      
!13C POM (‰) -31.94 ± 1.432 -33.60 – -29.67  -28.87 ± 0.2480 -29.29 – -28.66 
!15N POM (‰) 0.4367 ± 1.276 -1.930 – 1.800  1.750 ± 0.9095 0.1500 – 2.510 
      
Mercury      
TotHg (ng L-1) 3.1 ± 0.77 2.4 – 4.4  3.7 ± 0.5 2.8 – 4.1 
MeHg (ng L-1) 0.12 ± 0.020 0.090 – 0.14  0.13 ± 0.018 0.11 – 0.16 
MeHg POM (ng L-1) 0.026 ± 0.0085 0.012 – 0.040  0.026 ± 0.0075 0.011 – 0.032 
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3.1.1!Multivariate analysis 
All in all, the principal component analysis (PCA) triplot showed a clear contrast between lakes 

(Figure 6). Principal component 1 (PC1), explaining 50 % of the total variance, showed the 

contrast between the lakes. While PC2, explaining 20 % of the total variance, showed a weak 

seasonal signal. Conducting a redundancy analysis (RDA) revealed lake as the only significant 

explanatory variable, explaining 49 % of the variance in the data set (RDA, permutation test, p 

= 0.001). TOC and DOC and TotHg and MeHg in water and MeHg in particulate organic matter 

(POM) were correlated and higher in Store Øyvannet, indicated by the vectors pointing in the 

same direction as each other and loading on PC1, increasing in the direction of Store Øyvannet. 

!13C vectors pointed in the opposite direction of Chl a, indicating that with increased amounts 

of Chl a, the !13C values in POM decreased. !15N POM seemed to be correlated with 

ammonium (NH4
+), having vectors loading in the same direction as each other and in the 

direction of the deep water of Store Øyvannet, furthermore indicating that these variables were 

higher here.  
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Figure 6. Principal component analysis triplot of the water chemistry parameters set as the response 
variables (water chemistry parameters, total and dissolved organic carbon (TOC and DOC), total and 
methyl mercury in water (TotHg and MeHg), chlorophyll a (Chla), and MeHg and stable isotopes (!13C 
and !15N) in particulate organic matter (POM), and explanatory variables (lake (Røysjø and Store 
Øyvannet), depth (surface and deep) and dates (May to September)), in Røysjø and Store Øyvannet. The 
explanatory variables lake and depth are shown individual score points, the explanatory variable date is 
shown as the blue vector, while the response variables are represented by vectors. 

!  
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Table 5. Overview over results from Spearman´s rank correlation and linear regression model. In 
Spearman´s rank correlation ρ (rho) represents the strength of the correlation, and the p-value indicates 
if the result was significant or not. For the linear regression model the r2 represents the amount of 
variance in the response variable that was explained by the explanatory variable(s) and the p-value 
indicates if this was significant or not. The response and explanatory variables were chosen based on 
the PCA triplot. 

Spearman´s rank correlation 
Response variable Explanatory variable ρ (rho) p-value 
TotHg TOC 0.7234 < 0.05 
TotHg DOC 0.6518 < 0.05 
TotHg TOC + DOC 0.6754 < 0.05 
MeHg TOC 0.7760 < 0.05 
MeHg DOC 0.7811 < 0.05 
MeHg TOC + DOC 0.7656 < 0.05 
POM !13C Chl a -0.5639 < 0.05 
POM !15N TotN 0.5705 < 0.05 
POM !15N NH4+ 0.7091 < 0.05 
POM !15N TotN + NH4

+ 0.6340 < 0.05 
    

Linear regression model 
Response variable Explanatory variable r2 p-value 
TotHg TOC 0.8297 < 0.05 
TotHg DOC 0.8104 < 0.05 
TotHg TOC + DOC 0.8210 < 0.05 
MeHg TOC 0.8722 < 0.05 
MeHg DOC 0.8766 < 0.05 
MeHg TOC + DOC 0.8751 < 0.05 
POM !13C Chl a 0.2119 0.01370 
POM !15N TotN 0.2147 0.01310 
POM !15N NH4+ 0.3843 < 0.05 
POM !15N TotN + NH4

+ 0.2471 < 0.05 
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3.2! Zooplankton community 
The species observed at Røysjø and Store Øyvannet are listed in table 6. In both Røysjø and 

Store Øyvannet, the relative biovolume of the 50-200 µm zooplankton size fraction mainly 

consisted of nauplii larva and young copepodite stages. At Røysjø we observed a higher relative 

biovolume of the calanoid species in the 200-500 µm zooplankton size fraction. At Store 

Øyvannet there was a seasonal succession between the calanoid and cyclopoid species and 

Ceriodaphnia sp. in the same zooplankton size fraction. In the > 500 µm zooplankton size 

fraction we observed some Bythotrephes sp. in Røysjø, while Store Øyvannet had a higher 

relative biovolume of Holopedium gibberum and Ceriodaphnia sp. (Figure 7).  

 

 
Figure 7. Stacked barplot of the relative biovolume (%) of different zooplankton species found through 
the seasons in the different size fractions (< 50, 200-500, > 500 µm), at Røysjø (left) and Store Øyvannet 
(right). 

!  
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Table 6. Overview over the species identified at Røysjø and Store Øyvannet. The suborder (cladocera) 
and the subclass (Copepoda) and the zooplankton species belonging to these groups and their main 
diet (B = Bacteria, P = Phytoplankton, Z = Zooplankton). 

Røysjø 

Suborder/subclass Species Main diet Reference 

Cladocera Bosmina lognispina (B)P (Hessen, 1985a) 

Cladocera Ceriodaphnia sp BP (Hessen, 1985a) 

Cladocera Holopedium gibberum P (Hessen, 1985a; Hessen et al., 1995) 

Cladocera Bythotrephes sp Z (Vanderploeg et al., 1993) 

Copepoda (Cyclopoid) Cyclop scutifer PZ (Brönmark et al., 2005) 

Copepoda (Calanoid) Mixodiaptomus laciniatus BP (Fryer, 1954; Zankai, 1994) 

Copepoda Copepodites BP (Zánkai, 1991; Zankai, 1994) 

Copepoda Nauplii BP (Zánkai, 1991; Zankai, 1994) 

    

Store Øyvannet 

Suborder/subclass Species Main diet Reference 

Cladocera Bosmina lognispina (B)P (Hessen, 1985a) 

Cladocera Ceriodaphnia sp BP (Hessen, 1985a) 

Cladocera Holopedium gibberum P (Hessen, 1985a; Hessen et al., 1995) 

Copepoda (Cyclopoid) Cyclop scutifer PZ (Brönmark et al., 2005) 

Copepoda (Calanoid) Eudiaptomus gracilis BP (Hessen, 1985a; Sorf et al., 2012) 

Copepoda (Calanoid) Eudiaptomus sp. BP (Hessen, 1985a; Sorf et al., 2012) 

Copepoda Copepodites BP (Zánkai, 1991; Zankai, 1994) 

Copepoda Nauplii BP (Zánkai, 1991; Zankai, 1994) 

 

!  
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3.3! !13C and !15N in particulate organic matter and 

zooplankton 
In general !13C values for POM and zooplankton varied more through the seasons at Store 

Øyvannet while !15N varied more through the seasons at Røysjø (Figures 8 and 9). In both lakes 

the !13C values measured in the POM were usually higher than the !13C in the zooplankton size 

fractions. At Røysjø the surface POM !13C had the highest values, while at Store Øyvannet the 

deep POM !13C had the highest values, and were higher than the surface POM at Røysjø. These 

higher !13C POM values were also quite stable through the seasons. The zooplankton size 

fractions at Røysjø had quite similar !13C values compared to the POM from the deep water, 

while zooplankton size fractions at Store Øyvannet had quite similar !13C values to those of 

POM surface (Figure 9). High amounts of organic carbon measured in the May sampling from 

Røysjø corresponded with higher !13C values. In Røysjø !13C was higher in POM from surface 

water than in the 200-500 µm zooplankton size fraction (Kruskal-Wallis, p < 0.05), and a weak 

difference was found between POM in the surface and the 50 µm size fraction (Kruskal-Wallis, 

p = 0.056). In Store Øyvannet POM from the deep water was higher compared to the 200-500 

and > 500 µm zooplankton size fraction (Kruskal-Wallis, p < 0.05) and did not differ 

significantly from the 50 µm. 

 

!15N values measured in the zooplankton size fraction were quite similar to the deep water 

POM values at Røysjø, while they were quite similar to the surface water POM values at Store 

Øyvannet values, similar to what was observed for the zooplankton !13C. Deep water POM 

!15N values in Store Øyvannet were usually higher compared to the surface POM and 

zooplankton size fractions from the same lake. A large fraction of the measured !15N values in 

POM and zooplankton at Røysjø were negative (Figure 9). High concentrations of ammonium 

and total nitrogen were measured in Røysjø during May and were associated with high !15N 

values in POM. There was no significant difference between POM from surface and deep or 

zooplankton size fractions within in either lake. 

 

There were no apparent differences in trophic level indicated by !15N between POM and the 

different zooplankton size fractions in neither lake. 
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!
Figure 8. Plot of !13C and !12N in zooplankton size fractions (50-200, 200-500, > 500 µm) and POM 
(surface and deep), from both lakes. 

!
Figure 9. Plots of !13C and !12N in zooplankton size fractions (50-200, 200-500, > 500 µm) and 
particulate organic matter (POM, surface and deep), separated by lake, with Røysjø to the left and Store 
Øyvannet to the right. !13C and !12N plotted against each other (upper), !13C plotted against season 
(middle) and !15N plotted against season (lower). 
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3.4! Mercury concentrations in zooplankton 
MeHg concentrations measured in the three different zooplankton size fractions (< 50, 200-

500, > 500 µm) were consistently higher in Store Øyvannet compared to Røysjø (Kruskal-

Wallis, p < 0.05). In both Røysjø and Store Øyvannet, MeHg concentrations in the > 500 µm 

size fraction were higher than the 50 µm size (p = 0.01 and p = 0.005, for Røysjø and Store 

Øyvannet respectively). Even though there were no significant difference between the other 

zooplankton size fractions, on average MeHg concentrations were higher in the 200-500 µm 

size fraction compared to the < 50 µm size fraction within each lake (Figure 10). An non-

significant increase in MeHg concentration was also observed between the 200-500 and the > 

500 µm size fraction. Higher variation within size fraction groups was observed at Store 

Øyvannet compared to Røysjø (Figure 10, Table 7).  

 

The bioaccumulation factor (BAF) was significantly different between lakes, with higher values 

in Røysjø (Kruskal-Wallis, p = 0.015) (Figure 11). There was also more variation in the BAF 

within the zooplankton size fractions at Røysjø (Table 7). At Store Øyvannet BAFs in > 500 

µm zooplankton were higher than for the 50-200 µm size fraction (Kruskal-Wallis, p = 0.024) 

(Figure 11). A high proportion of the total methyl mercury found in the water was dissolved, 

with higher proportion observed in Store Øyvannet (Kruskal-Wallis, p = 0.015) (Figure 11).  
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Figure 10. Boxplot of mercury concentrations in zooplankton size fraction groups (< 50, 200-500, > 
500 µm), compared between Røysjø (blue) and Store Øyvannet (red). The horizontal band inside the 
boxes marks the median, the lower and upper lines of the boxes represent the first and the third quartiles, 
respectively. The extended whiskers are the most extreme data points, while the individual points 
represent outliers.!

 

!
Figure 11. Boxplot of the calculated bioaccumulation factor (BAF, to the left), based on the measured 
MeHg concentrations in zooplankton size fractions (< 50, 200-500, > 500 µm) divided by dissolved 
MeHg concentrations in water (from surface and deep water at Røysjø and Store Øyvannet, 
respectively). Plot of the % of MeHg that was present dissolved in the water (right), based on the total 
MeHg in water. The horizontal band inside the boxes marks the median, the lower and upper lines of 
the boxes represent the first and the third quartiles, respectively. The extended whiskers are the most 
extreme data points, while the individual points represent outliers. 
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Table 7. Overview of !13C and !15N and MeHg in zooplankton size fractions (< 50, 200-500, > 500 µm),  and the particulate organic matter (POM, surface and 
deep) and bioaccumulation factor (BAF) based on the MeHg dissolved in water and the zooplankton size fractions. MeHg concentrations measured as ng g-1 for 
zooplankton and ng L-1 for POM. The table is showing the contrasting mean ± standard deviation and range (minimum-maximum). 

Røysjø 
 !13C (‰)  !15N (‰)  MeHg    BAF  
Type Mean ± SD Range  Mean ± SD Range  Mean ± SD Range  Mean ± SD Range 
POM surf -30.2 ± 0.500 -30.7 – -29.7  0.10 ± 1.8 -2.5 – 2.8  0.006 ± 0.002 0.003 – 0.007    
POM deep -32.2 ± 1.10 -33.5 – -30.8  -0.70 ± 1.4 -2.3 – 1.3  0.007 ± 0.002 0.005 – 0.01    
Zoop 50 -33.2 ± 2.40 -35.8 – -30.5  -0.80 ± 0.8 -1.6 – 0.2  12.6 ± 3.1 9.40 – 15.7  3014.2 ± 2191.7 637.50 – 4955.8 
Zoop 200 -33.3 ± 2.00 -37.0 – -31.8  0.10 ± 1.8 -2.4 – 3.3  32.0± 11.0 10.3 – 43.6  8769.6 ± 8133.8 750.40 – 21053  
Zoop 500 -32.1 ± 1.00 -33.8 – -31.0  -0.70 ± 0.90 -2.3 – 0.4  48.6± 9.7 38.8 –!61.0  13672 ± 10856 932.40 – 21053  
            

Store Øyvannet 
 !13C (‰)  !15N (‰)  MeHg  BAF 
Type Mean ± SD Range  Mean ± SD Range  Mean ± SD Range  Mean ± SD Range 
POM surf -31.9 ± 1.40 -33.6 – -29.7  0.40 ± 1.3 -1.9 – 1.8  0.03 ± 0.001 0.01 – 0.04    
POM deep -28.9 ± 0.100 -29.3 – -28.7  1.8 ± 0.30 0.2 – 2.5  0.03 ± 0.008 0.01 – 0.03    
Zoop 50 -31.8 ± 1.5 -33.6 – -29.7  0.8 ± 0.6 0.3 – 1.8  69.2± 46.1 28.30 –!147.6  874.80 ± 717.27 250.80 – 2093.5 
Zoop 200 -34.0± 1.00 -35.3 – -32.3  0.9 ± 0.4 0.2 – 1.4  157.7± 36.6 111.5 –!207.5  1779.8 ± 917.44 914.50 – 3469.6 
Zoop 500 -33.8± 0.600 -34.6 – -32.9  0.6 ± 0.2 0.3 – 1.0  282.3± 71.3 217.8 – 358.8  3770.0 ± 1813.7 1702.0 – 5089.0 
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4!Discussion 
4.1! Physicochemical and ecological effects of terrestrial 

derived organic matter 
Inputs of allochthonous organic matter (OM) from catchments to lakes (and associated changes 

in lake colour) are known to affect physical and chemical conditions and lake ecology. By 

altering the physical and chemical environment, organic matter inputs can alter the autotrophic 

primary production and bacterial production with consequences for food webs (Jones, 1992).  

 

The approximately three-fold higher concentrations of dissolved organic carbon (DOC) 

measured in Store Øyvannet compared to Røysjø indicated that there were higher inputs of 

allochthonous organic matter to the lake surface water. This was accompanied by a decrease in 

the depth of the thermocline and the light penetration, measured by Secchi depth. A 

significantly decreased euphotic depth and higher attenuation of the photosynthetically active 

radiation (PAR) (Table 2) was also observed at Store Øyvannet. High concentrations of 

allochthonous organic matter and lake colour are closely associated with increased attenuation 

of light (Jones, 1992; Meili, 1992). Rapid attenuation of PAR reduces the depth of the euphotic 

zone (Eloranta, 1978), and may, in addition to reducing primary production, affect the 

phytoplankton community (Wall et al., 1979; Jones, 1992).  

 

The observed phytoplankton biomass, measured as chlorophyll a (Chl a), was mainly restricted 

to the epilimnetic zone at Store Øyvannet, however, the lake contrasting mean Chl a (mg m-3) 

measurement from Store Øyvannet did not differ much from that of Røysjø. This may be 

explained by nutrient concentrations often were higher in Store Øyvannet, including total 

phosphorus (TP), which is often the main limiting nutrient in low productivity boreal lakes 

(Guildford et al., 2000). Different phytoplankton species are also able to utilize different light 

gradients and some species, e.g. dinoflagellates, prefer lower light intensities. In addition, some 

species have the ability to vertically migrate from the darker regions of the water column and 

maximise their photosynthetic efficiency (Wall et al., 1979). Furthermore, brown water lakes 

may have a greater thermal stability as a result of rapid absorption of light radiation, which 

typically reduce wind induced mixing (Bowling et al., 1990). The rapid absorption of light at 

Store Øyvannet caused the lake to stratify earlier compared to Røysjø, which may have caused 

the phytoplankton biomass to be more concentrated in the euphotic zone. However, the 
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increased light penetration and euphotic depth at Røysjø, and possible increased wind induced 

mixing, may lead to redistribution of nutrients or phytoplankton sinking out of the euphotic 

zone.  

 

In brown water lakes higher catchment inputs of allochthonous organic matter may also be 

associated with increased the inputs of mercury (Hg) from the catchment. In brown water lakes 

the dominant source of mercury is transport from forest soils. Whereas for clear water lakes, 

particularly those with low catchment to lake area ratios, deposition directly on to lake surface 

might be the most important (Meili, 1991). Strong positive correlations have been observed 

between both total and methyl mercury (TotHg and MeHg) and the water colour of both run off 

and lake water (Lee et al., 1991). In a review of important inputs and outputs of mercury from 

terrestrial catchment areas Grigal (2002) presented that DOC and particulates are important 

carriers for mercury. Hence the factors influencing these in the catchment area, such as 

increased watershed and catchment to lake ratio, may affect the input of mercury to surface 

water. Higher aqueous Hg concentrations in may also be the result of decreased loss of MeHg 

through photodemethylation, due to increased light attenuation (Poste et al., 2015). These 

processes suggest that the high amounts of DOC measured at Store Øyvannet compared to 

Røysjø are strongly associated with the approximate six-fold higher mercury concentrations 

measured in the water of the same lake. The multivariate analysis also revealed correlations 

between the amount of DOC and mercury concentrations between Røysjø and Store Øyvannet, 

although it might not identify patterns that are true across lakes.  

 

4.2! Inter-lake differences and seasonal patterns in 

zooplankton communities 
Zooplankton in the 200-500 µm size fraction at Røysjø was dominated by copepods, mainly 

the calanoids, with their associated nauplii larva and younger copepodite stages in the 50-200 

µm size fraction. A study conducted on an oligotrophic lake with measured biomass showed an 

overall low density in zooplankton biomass, and that this biomass was dominated by copepods 

through most of the year, but decreased during the late summer period, followed by an increase 

of cladocerans. Predatory zooplankton were also present in the lake (Grey et al., 2001). 

Although we did not observe the exact same species, the present study also showed an increase 

in relative biovolume of Ceriodaphnia sp. from late August at Røysjø. Bythotrephes sp. 

appeared briefly from June to July. The reason we saw higher relative biovolume of 
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Ceriodaphnia at Store Øyvannet compared to Røysjø might be due to their decline in the 

presence of Bythotrephes sp. which we only observed at Røysjø (Lehman et al.; Burkhardt et 

al., 1994). Relatively high biovolume of Holopedium gibberum was present at both lakes, which 

has been shown to present in strongly coloured lakes, although it being a poor filterer of bacteria 

(Hessen, 1985b). 

 

Since we do not have any measurements of biomass of the zooplankton, we are unable to draw 

conclusions about the differences in abundance between lakes or seasons, but the mean annual 

biomass of zooplankton have been shown to be quite similar between lakes of different colour 

(Hessen, 1985b). The zooplankton species observed at both Røysjø and Store Øyvannet are 

typical indicators of oligotrophic conditions (Gannon et al., 1978). 

 

4.3! Stable isotope signals in particulate organic matter 
In order to use stable isotopes to infer consumer diet there is a need for a comprehensive 

understanding of the baseline !13C and !15N values in the system. Baseline !13C and !15N can 

be highly spatially and temporally variable, therefore it is important to understand the drivers 

of this variability.  

 

Measured terrestrial catchment !13C values in a study conducted on Swedish lake on a gradient 

from brown to clear water, ranged from -27.7 to -25.3 ‰ (Karlsson et al., 2003). The same 

study estimated the !13C in the organic matter produced by phytoplankton to range between -

46.2 to -33.4 ‰, and estimated that the allochthonous contribution to the particulate organic 

matter (POM) ranged between 65-93 % (Karlsson et al., 2003). This is consistent with what we 

might expect the !13C values to be in the present study, which include similar sized boreal lakes. 

 

!13C values for C3 photosynthesising land plants, which are the dominating form of land plants, 

are in the range of -29 to -25 ‰. Carbon uptake by C3 plants involves a net fractionation of 

about 21 ‰ (atmospheric CO2 has a !13C value of -7 ‰) leading the plant biomass to average 

on -28 ‰ (Peterson et al., 1987). Soil organic matter usually has a !13C of approximately -26 

‰, depending on differential preservations or mineralisation of the soil (Peterson et al., 1987). 

Allochthonous sources of organic carbon usually exhibits a !13C of around -26 to -27 ‰ (Grey 

et al., 2000). This is suggesting a strong allochthonous signal in the POM from surface and 

deep water at Røysjø and Store Øyvannet, respectively. 
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In the present study the !13C values measured in POM from surface water at Røysjø and in 

POM from deep water at Røysjø were higher compared to the !13C values measured in the 

zooplankton size fractions, and were also quite stable throughout the seasons. In addition, the 

high concentrations of DOC from the May sampling at Røysjø (following recent rainfall) were 

associated with higher !13C values, leading us to believe that these POM samples had a higher 

signal of allochthonous organic matter. 

 

The measured !13C values in POM from the deep water at Røysjø and POM from surface water 

at Store Øyvannet were lower compared to the previously mentioned POM values. Leading us 

to believe that these POM samples may have had a stronger signal of phytoplankton, although 

still consisting of a various mix.  

 

Variations in phytoplankton !13C reflect isotope fractionation during photosynthesis and the 

value of the inorganic carbon source (DIC) (Jones et al., 1998). The sources of DIC in lake 

waters may originate from carbonate rock weathering, mineral springs, the atmosphere or from 

respired organic matter (Peterson et al., 1987). !13C of phytoplankton in lakes can range 

between -20 to -40 ‰, and even as low as -45 ‰ (Quay et al., 1986; Peterson et al., 1987). DIC 

in lakes usually has !13C values of approximately -5 ‰, and during stratification the 

hypolimnetic DIC may be even more 13C depleted (Quay et al., 1986; Keough et al., 1996). In 

the case of instantaneous carbon limitations due to fixation rates exceeding direct DIC 

availability, phytoplankton can be enriched in 13C due to reduced isotopic discrimination (Rau 

et al., 1992), however neither of our study lakes are highly productive so this is unlikely to 

occur. Previous studies have also shown that phytoplankton may have appreciably lower !13C 

compared to POM (Jones et al., 1998). The range of possible !13C values of phytoplankton 

makes our assumption of phytoplankton signal in the deep and surface water POM at Røysjø 

and Store Øyvannet, respectively, plausible. However, we cannot be sure what the 

phytoplankton !13C values were. In addition, !13C most likely would have varied through the 

season depending on the species of phytoplankton that were dominating and the source of DIC.  

 

Our POM samples were a mix of various sources, but we assume that POM from the surface 

water at Røysjø and deep water at Store Øyvannet had a higher allochthonous contribution, as 

evident by higher !13C values. Further we assume that the POM from deep water at Røysjø and 
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surface water at Store Øyvannet had a higher phytoplankton contribution, as evident by 

decreased !13C values.  

 

The measured !15N values in the POM were low in both lakes, especially in Røysjø where we 

observed negative values. Phytoplankton incorporate nitrogen through the assimilation of 

dissolved inorganic nitrogen (DIN) from the surrounding water. Factors that can influence the 

!15N signal found in POM are the amount and the origin of organic matter in the water, 

phytoplankton species, their composition and growth rate, and the concentration, form and 

isotopic composition of the dissolved inorganic nitrogen (Gu, 2009). Processes such as nitrogen 

fixation, nitrification and denitrification can have strong impacts on nitrogen isotopic 

fractionation and these processes can act synergistically or antagonistically and influence the 

!15N values measured in POM, making the data interpretation difficult (Lehmann et al., 2004; 

Gu, 2009).  

 

Phytoplankton !15N depends strongly on the 15N of the nitrogen source they use. Nitrate is 

usually the main nitrogen source used by  photosynthesizing phytoplankton (Lehmann et al., 

2004). The nitrate concentrations measured in Store Øyvannet were lower in the surface water 

compared to the deep water. Based on the !13C we also inferred that the POM from the surface 

water may have had a stronger phytoplankton signal, indicating that the phytoplankton most 

likely were using nitrate as their main nitrogen source. In addition, nitrate was found at high 

concentrations in Røysjø and never seemed to be limiting.  

 

Depletion in !15N can be attributed to N2-fixating cyanobacteria, as biologically fixed nitrogen 

has !15N values of -2 ‰ and 0 ‰ since there is a negligible fractionation during N2-fixation. 

N2-fixation has been shown to have a close relationship to the observed !15N in POM (Lehmann 

et al., 2004; Patoine et al., 2006). Similar low and negative !15N in POM as seen in the present 

study has been observed in lakes and been associated to N2-fixating cyanobacteria  (MacGregor 

et al., 2001; Vuorio et al., 2006). However, the rather low concentrations of phycocyanin and 

phycoerythrin from the CTD, in addition to there being a reasonable amount of DIN present, 

suggest that there probably was not a great deal of N2-fixation taking place in Røysjø or Store 

Øyvannet.  
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Food web nitrogen recycling can also give a 15N depleted DIN signal which is reflected in the 

POM. This due to the excretion of isotopically light nitrogen by zooplankton and other higher 

trophic level organisms and the retention of the heavier 15N, in turn the assimilation of the 

lighter DIN by the phytoplankton (Checkley et al., 1989). The present study however, indicates 

very similar !15N of zooplankton to the !15N of the POM, and food web nitrogen recycling is 

not very likely. Other sources of depleted nitrogen that could alter the !15N in POM may be 

industrially synthesized fertilisers (Sweeney et al., 1980). This is highly unlikely for Røysjø 

since this is a drinking water source. There is no indication that fertilizers are being used in 

close proximity of Store Øyvannet either.  

 

Atmospheric deposition can be a major source of N to aquatic systems. Atmospheric deposition 

of N has also been linked to low !15N values (Paerl et al., 1994; MacGregor et al., 2001; Houlton 

et al., 2009). Both ammonium and nitrate in precipitation have been reported to have a wide 

range of !15N values, ranging from -20 to +10 ‰ (Moore, 1974, 1977; Peterson et al., 1987). 

Some of the more negative values are related to nitrogen originating in the soil as a result of 

denitrifying bacteria (Houlton et al., 2009), and anthropogenic emissions in highly 

industrialized areas (Freyer, 1978a; Freyer, 1978b; Peterson et al., 1987). The !15N of the 

deposited nitrogen has also been shown to vary substantially through the season (Freyer, 1991). 

When nitrogen is generated from snow surfaces !15N  has been shown to be as low as -40 ‰ 

(Morin et al., 2009). DIN inputs to lakes in southern of Norway are most likely dominated by 

long-range nitrogen transport and deposition (Hessen et al., 2009).  

 

Deposition of long-range transported nitrogen with low !15N values is a probable explanation 

for the !15N values observed in both Røysjø and Store Øyvannet. Deposition from terrestrial 

sources are thought to be lower in clear water lakes, and deposition of DIN with low !15N values 

directly to the surface water may be of higher significance at Røysjø. Although probably an 

important source for DIN to both lakes.   

 

The low !15N in POM might also reflect catchment derived N. In particular nitrifying bacteria 

can produce low !15N nitrate (-15 to -35 ‰). This 15N depleted nitrate can leach from the 

terrestrial soil to aquatic ecosystems, which can lead to the corresponding low !15N in POM, 

either as terrestrial particles or due to incorporation by phytoplankton. However, the importance 

of this process is increasingly questioned (Houlton et al., 2009). Soil organic matter can have 
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quite low !15N, and it has been found that both soil and plant !15N decreased with increasing 

mean annual precipitation and decreasing temperature (Amundson et al., 2003).  Increased 

precipitation may also lead to increased leaching of 15N depleted soil nitrogen to surface waters, 

and therefore terrestrial particles that might have been included in the POM, leading to the low 

!15N signal.  

 

Climate change, such as increased precipitation, is thought to be a strong driver for of browning 

in surface water lake by increasing the input of allochthonous organic matter. Therefore 

increased input of low !15N from terrestrial sources are a possible explanation for the low !15N 

values observed for POM in the present study lakes, especially Store Øyvannet. Gu (2009) 

analysed !15N data of POM in lakes from the literature and found that values were significantly 

lower in small lakes, < 1 km2, and that they were lower in oligotrophic lakes compared to 

eutrophic lakes, a description that fits both Røysjø and Store Øyvannet. 

 

Stable isotope measurements in the present study were conducted on bulk POM, and we do not 

have stable isotope values on pure algae or bacteria samples. Bulk POM includes a mixture 

from various sources, such as detrital particles, bacteria and protozoa, terrestrial particles and 

phytoplankton (Jones et al., 1998). Hence the POM is not an accurate representation of the 

zooplankton food source and diet, and different zooplankton are likely to be feeding on different 

components of the POM. Further, changes in the POM composition may be a possible 

explanation for the seasonal variation observed for POM !13C and !15N values. 

 

4.4! Stable isotope signals in the zooplankton 
Zooplankton are often assumed to be a single trophic functional group, however lower food 

web studies show that species within a community often exhibit different reliance on 

allochthonous and autochthonous carbon sources and can be at different trophic levels (Grey et 

al., 2000, 2001).  

 

In the previous section we showed that the POM can consist of a mixture of several components. 

The measured !13C and !15N values in the zooplankton size fractions in both Røysjø and Store 

Øyvannet are quite similar to POM from the deep water at Røysjø and to the surface water at 

Store Øyvannet. These were the POM samples that we inferred had a higher phytoplankton 

signal, furthermore this leads us to infer that this is the POM samples closest to that of the 
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zooplankton diet. However, the zooplankton are most likely not feeding on the bulk POM, but 

rather selectively feeding on fractions of the POM, particularly phytoplankton.  

 

Phytoplankton has been shown to be important as a high-quality diet, Grey et al. (2001) found 

that Eudiaptomus gracilis showed a considerable selection for phytoplankton in their diet, even 

though phytoplankton biomass were relatively low, in the oligotrophic lake Loch Ness, Great 

Britain. The same study showed that a considerable proportion of the zooplankton community 

biomass was derived from allochthonous organic matter throughout the year, although this 

proportion changed through the season, being lower in the relatively productive summer periods 

and higher when Chl a concentrations fell. A study conducted on forest lakes of a wide range 

of water colour, in Finland, also showed that zooplankton was consistently depleted in 13C 

relative to the bulk POM, indicating that they fed selectively on a certain part of the POM (Jones 

et al., 1999). Different feeding strategies may also lead to different amounts of allochthony 

(Berggren et al., 2014). 

 

The increased amount allochthonous dissolved organic matter in brown water lakes may serve 

as a substrate for of microbial production and there is reason to believe that allochthonous 

organic matter is an important energy source for the microbial community (Salonen et al., 1986; 

Tranvik, 1988, 1992). Bacteria are the most significant utilizers of allochthonous organic matter 

and are grazed upon by several aquatic taxa and hence may serve as an entry of the 

allochthonous organic matter to the lake food web. Bacterial biomass has been shown to 

increase with increasing water colour. (Jones, 1992). Bacteria are also effectively grazed upon 

by protozoans, like heterotrophic flagellates and ciliates, allowing for the transfer of energy 

obtained by bacteria from allochthonous organic matter to flow through the “microbial loop” 

and to higher trophic levels (Azam et al., 1983; Hobbie, 1988; Tranvik, 1989; Tranvik, 1992).  

 

These complex interactions in the lower food web may result in energy loss towards higher 

trophic levels in brown water lakes, due to the increased number of trophic steps (Jones, 1992; 

Jansson et al., 2000). Even so, Hessen (1985b) found a strong correlation between bacterial 

biomass and humic content, and high bacteria and zooplankton biomass relative to 

phytoplankton biomass. This indicates that allochthonous organic matter can stimulate bacterial 

production and is essential for the carbon pool in aquatic ecosystems.  
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In clear water lakes the dissolved organic matter is of labile autochthonous source, mainly 

formed through extracellular release from algae and other planktonic organisms, which is 

insufficient to support high bacterial production, but usually of higher energy and quality 

(Williams et al., 1976).  

 

The slightly higher variability in !13C of zooplankton size fractions in Store Øyvannet may be 

an indication of increased dependence on allochthonous organic matter. Especially the 50 µm 

zooplankton size fraction had higher !13C values compared to the other fractions, which 

indicates that this size fraction group used higher amounts of allochthonous organic carbon. 

However, the zooplankton most likely preferred feeding on the phytoplankton.  

 

In the present study we observed a lack of enrichment in !15N from the POM to the zooplankton, 

which may be due to POM consisting of a mixture of bacteria, terrestrial particles and 

phytoplankton that can have differing !15N. As pointed out in the previous section, the !15N 

may be influenced by a variety of sources, the POM, consisting of various components, may 

therefore have highly variable !15N values. Due to a dominance of non-living components in 

the POM, the !15N has been shown to not vary much across fractions (Gu, 2009). Predatory 

zooplankton are thought to have higher fractionation factor due to their higher trophic levels 

(Jones et al., 1998; Grey et al., 2001), there might be evidence of this at Røysjø with slightly 

higher !15N in the > 500 µm size fraction when the predatory Bythotrephes sp. was present.  

 

Growth stages of copepods undergo frequent molting, hence the turn over and allocation of 

carbon from diet directly into new tissue is higher compared to adults where turnover is the 

only agent of isotopic “renewal” (Grey et al., 2001), which may lead to a delayed signal in the 

zooplankton compared to the diet. This is particularly relevant given the high seasonal 

variability of !13C and !15N in POM (and phytoplankton).  

 
4.5! Mercury in zooplankton 
Because zooplankton is an important source of energy to the aquatic food web, they play a key 

role as a potential source of mercury to higher trophic levels and closely reflect the dynamic 

nature of Hg and the bioaccumulation in the lower food webs (Hall et al., 1997; Herrin et al., 

1998; Kainz et al., 2005).  
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MeHg concentrations in zooplankton have been shown to be strongly correlated with the 

concentrations found in seston which are also correlated with concentrations in water (Paterson 

et al., 1998). We observed significant differences in mercury concentrations measured in both 

water and zooplankton between lakes, with higher concentrations at Store Øyvannet. Garcia et 

al. (2007) showed that MeHg concentrations in zooplankton varied through seasons and that 

these variations followed the pattern of DOC. Further indicating that the elevated DOC 

concentrations at Store Øyvannet can lead to the higher MeHg concentrations at and the 

increased variation seen in zooplankton.  

 

Back et al. (1995) analysed mercury content in freshwater zooplankton from twelve northern 

Wisconsin lakes (USA), ranging from clear to brown water. MeHg concentrations in 

zooplankton ranged from 1 to 479 ng g-1 dry weight (dw). The highest concentrations were 

found in herbivorous zooplankton from lakes with high levels of dissolved organic carbon 

(DOC), with concentrations in Holopedium gibberum ranging from 40-419 ng g-1. Mercury 

concentrations found in the present study were within approximately the same ranges of these 

concentrations, although slightly lower. In addition, we observed higher MeHg concentrations 

in the > 500 µm size fraction which consisted of high relative biovolume of H. gibberum, 

especially at Store Øyvannet. These high concentrations may also in part be due to water content 

in H. Gibberum,relative to the other zooplankton sampled. 

 

Furthermore, Back et al. (1995) found accumulation of Hg decreased with increasing 

concentrations of DOC, which was suggested to be associated with decreasing bioavailability 

at higher DOC concentrations. The calculated bioaccumulation factor (BAF) in the present 

study was higher and showed more variation at Røysjø compared to Store Øyvannet, even 

though Store Øyvannet had higher MeHg zooplankton concentrations. This might be explained 

by the MeHg being more available at Røysjø compared to Store Øyvannet. The high amounts 

of allochthonous organic matter, including high molecular weight humic compounds, present 

at Store Øyvannet may bind MeHg making it potentially less available for uptake(Gjessing et 

al., 1968). Also, the MeHg concentrations measured in the deep water at Røysjø were very low 

(0.02 ± 0.02 ng L-1, mean ± SD) which may explain the high variability in BAFs observed at 

Røysjø. Because MeHg concentrations are so very low, a small decrease from e.g. 0.02 ng L-1 

to 0.01 ng L-1 for MeHg in water would lead to a doubling of BAF, so there is a high sensitivity 

of BAF to smaller changes in MeHg in water.  

 



 
!

44 

Differences in MeHg concentrations between size fractions were observed at both Røysjø and 

Store Øyvannet, with increasing MeHg with increasing size. However, because we do not have 

isolated predator and prey samples, and !15N did not show any clear differences in trophic level, 

we were unable to calculate BMFs and trophic magnification factors (TMFs) that we had 

confidence in.  

 

In other studies, biomagnification has been observed for MeHg in zooplankton, indicating 

biomagnification relative to primary producers, and measurements of BAF has shown that 

MeHg becomes progressively more concentrated in higher trophic levels, suggesting that the 

successive trophic levels derive MeHg from a progressively more concentrated source (Watras 

et al., 1992; Back et al., 1995). Increase in the ratio of MeHg relative to TotHg measured in 

different size classes of plankton, from phytoplankton to nauplii larva and early stages and to 

adult cladocerans, cyclopoids and calanoids, as shown by Wang et al. (2011), is also indicative 

of biomagnification in the plankton food web. The increase of MeHg concentration observed 

from the 50-200 to the 200-500 µm size fraction at both lakes, might be because of older and 

adult cladocerans, cyclopoids and calanoids in the bigger size fraction having accumulated 

higher concentrations of MeHg over time (Kainz et al., 2005). Zooplankton may have different 

feeding strategies, which may lead to quite different mercury dynamics and concentrations. 

Back et al. (1995) found lower concentrations and negative BMFs for the predatory invertebrate 

Chaborous. This may be explained by concentrations being measured in immature individuals. 

Chaborous are relatively long lived and physiologies and undergo changes in diet and vertical 

migration. In addition, the dry weight based measurements may not fully show the underlying 

mechanism of biomagnification.  

 

The present study revealed six times higher mercury concentrations in water and over ten times 

higher contrasting mean concentrations in zooplankton at Store Øyvannet. However, BAFs 

were lower in Store Øyvannet compared to Røysjø. Evident from the BAF, increased DOC may 

reduce the MeHg bioavailability and bioaccumulation. Nonetheless, higher Hg concentrations 

in water lead to higher concentrations of mercury in zooplankton. Hence the higher DOC (as a 

measure of allochthonous organic matter) led to increased browning of the surface water at 

Store Øyvannet, and increased the mercury concentrations in both water and zooplankton. Our 

results highlight the important role played by DOC in mercury transport, bioavailability and 

bioaccumulation. Which furthermore may lead to the increased Hg concentrations observed in 

fresh water fish. 
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5!Conclusions 
The most prominent observation was the high contrast between Røysjø and Store Øyvannet, as 

shown by the multivariate analysis, differences in lake physicochemical characteristics, stable 

isotope analysis and higher mercury concentrations in water and zooplankton at Store Øyvannet 

relative to Røysjø.  

 

The three-fold higher concentration of organic carbon at Store Øyvannet, indicated a higher 

input of allochthonous organic matter. This was further associated with decreased depth of the 

thermocline and light penetration relative to Røysjø. At Store Øyvannet the light attenuation 

coefficient was significantly higher and the euphotic zone correspondingly decreased compared 

to Røysjø. Although, phytoplankton production appeared to be restricted to the epilimnion at 

Store Øyvannet, no apparent decrease in chlorophyll a was observed at the same lake. This 

might be explained by sufficient nutrient supply, the possibility of certain phytoplankton 

species adapting to lower light conditions and lake physicochemical properties keeping 

phytoplankton in the euphotic zone. The higher concentrations of organic carbon were likely 

associated with the approximate six-fold higher mercury concentration in surface water 

measured at Store Øyvannet relative to Røysjø.  

 

Particulate organic matter (POM) samples reflected a mix of various organisms and terrestrial 

particles, resulting in seasonal variations in !13C and !15N. However, surface POM at Røysjø 

and deep water POM at Store Øyvannet appeared to consist of a higher proportion of 

allochthonous organic matter, meanwhile POM samples from Røysjø surface water and Store 

Øyvannet deep water appeared to have an increased contribution from phytoplankton to the 

bulk POM mixture.  

 

Zooplankton are most likely selectively feeding on fractions of the POM, presumably 

phytoplankton. The slightly higher variation in !13C values of zooplankton at Store Øyvannet 

may indicate that they have a higher reliance on allochthonous organic carbon. The study did 

not reveal any clear differences in trophic level between zooplankton size fractions. This might 

be explained by zooplankton size fractions consisting of different species, the POM not 

reflecting the diet of the zooplankton and the delayed response of zooplankton !15N to changes 

in the !15N of their diet.  
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Approximately five-fold higher MeHg concentrations were measured in zooplankton in Store 

Øyvannet compared to Røysjø indicating, the bioaccumulation factor was higher at Røysjø. 

Indicating that MeHg in Store Øyvannet might be less bioavailable due to binding to the humic 

compounds in the allochthonous organic matter. Despite this, increased Hg concentrations in 

lake water, likely occurring due to increased browning, resulted in higher MeHg concentrations 

in zooplankton. The study highlighted that food web and contaminant dynamics in the lower 

food web may vary through seasons and are highly complex.  
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6!Further studies 
 

Future investigations for the present study 

•! Suspended particulate matter to be able to calculate the methyl mercury for particulate 

organic matter (not only on volumetric basis, as in the present study). 

•! Characterization of the dissolved organic matter and absorptions spectra. 

•! Flow cytometry, characterizing the virus and bacterial abundance. 

•! Fatty acid analysis to further investigation of food sources. 

•! Identification of phytoplankton species. 

 

Future similar studies 

•! !13C  and !15N of pure phytoplankton and bacteria samples, being able to calculate the 

% contribution of allochthonous and autochthonous contribution to the carbon in 

zooplankton. 

•! !13C  and !15N of pure zooplankton species samples. 

•! Further studies on the 15N fractionation between lower trophic levels. 

•! Phytoplankton and bacterial biomass. 

•! Zooplankton biomass. 

•! Measurements of mercury in pure zooplankton species fractions to better be able to 

calculate BMF and TMF. 

•! More seasonal studies. 

•! Sampling in winter time. 
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Appendices  
Appendix A: Field sampling 
Table 8. Overview over sampling date, time of sampling, the site depth from where the samples were 
collected and the secchi depth 
Station Date Time Site depth (m) Secchi depth (m) 
     
Røysjø 10.05.16 11:38 18.3 11.2 
Store Øyvannet  10.05.16 15:44 10.9  1.5 
     
Røysjø 07.06.16 09:38 19.2 11,5 
Store Øyvannet 07.06.16 12:34 9.9 2 
     
Røysjø 30.06.16 10:10 19 9.2 
Store Øyvannet 30.06.16 16:10 18 1.5 
     
Røysjø 27.07.16 10:09 15.5 8.1 
Store Øyvannet 27.07.16 14:45 17 1.95 
     
Røysjø  26.08.16 09:38 17.8 8.8 
Store Øyvannet 26.08.16 13:36 15 1.7 
     
Røysjø 26.09.16 11:15 28 9.1 
Store Øyvannet 27.09.16 10:00 18 2.1 
     
Røysjø 24.10.16 09:39 27.6 8.1 
Store Øyvannet 24.10.16 15:30 19.2 1.8 
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Appendix B: Light attenuation 
Table 9. Light attenuation estimated based on the photosynthetic active radiation (PAR), where E0 is 
radiation just below the surface, K is the attenuation coefficient and Ze is the euphotic depth (depth of 1 
% PAR) 
Station Date E0 K (m-1) Ze (m) 

Røysjø 10.05.16 5.86 0.26 17.64 

Røysjø 07.06.16 7.44 0.31 14.92 

Røysjø 30.06.16 4.86 0.28 16.70 

Røysjø 27.07.16 5.98 0.26 17.84 

Røysjø 26.08.16 4.99 0.28 16.71 

Røysjø 26.09.16 5.75 0.30 15.49 

Røysjø 24.10.16 2.92 0.32 14.20 

Store Øyvannet 10.05.16 6.69 1.83 2.52 

Store Øyvannet 07.06.16 7.21 1.61 2.86 

Store Øyvannet 30.06.16 5.54 1.83 2.52 

Store Øyvannet 27.07.16 4.99 1.45 3.18 

Store Øyvannet 26.08.16 4.21 1.71 2.70 

Store Øyvannet 26.09.16 4.07 0.99 4.66 

Store Øyvannet 24.10.16 3.45 2.61 1.76 
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Appendix C: LOQ/MDL 
Table 10. Overview of the limit of quantification (LOQ) and method detection limit (MDL) for chemical 
water parameters.  
Chemical variable Unit LOQ/MDL MU 
Ammonium µg N/l  5 20 % 
Chloride mg/l  0.005 20 % 
Sulfate mg/l 0.005 20 % 
Phosphate µg P/l  1 20 % 
Nitrite + nitrate µg N/l  1 20 % 
pH pH units  3,5 0.2 % 
Silicate µg/l  25 20 % 
Dissolved organic carbon (DOC) mg C/l  0.1 20 % 
Total organic carbon (TOC) mg C/l  0.1 20 % 
Total nitrogen µg N/l  10 20 % 
Total phosphorus µg P/l  1 20 % 
MeHg ng/L 0.02  
TotHg ng/L 0.1  
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Appendix D: Total organic carbon and POM !13C   
 

Røysjø 

Figur 12. Total organic carbon plotted against !13C  in Røysjø. With the May sampling showing high 
!13C value.!


