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1 Introduction 
 

Mercury (Hg) is a heavy metal acknowledged as a worldwide contaminant since it can cross 

geographical borders through atmospheric transport (Liu et al. 2011). It shows persistence in 

the environment, the ability to accumulate in the food web, as well as the ability to cause ad-

verse effects on humans and ecosystem health (Liu et al. 2011). Hg has been a widespread issue 

for decades, and due to its pervasiveness and complexity of biotic processes, it continues to be 

an active research topic (Blanchfield et al. 2021).  

 

Hg is naturally found in the environment, and it infiltrates land, air, waters, and wildlife (Liu et 

al. 2011). Hg can enter the environment from natural and anthropogenic sources (Liu et al. 

2011). Natural sources of Hg include volcanic activity, crustal material, evasion from surfaces 

(soils, water bodies, and vegetation), wildfires, volcanoes, and geothermal sources (Schroede 

and Munthe 1998). Anthropogenic sources include but are not limited to burning of fossil fuels 

especially coal, cement production, metal production and waste incineration (UNEP 2019a). 

Anthropogenic emissions have increased Hg concentrations globally in all ecosystems since the 

industrial revolution (Bank 2012). The annual Hg emissions from anthropogenic sources in 

2015 were around 2220 tonnes per year globally, accounting for approximately 30 % of the 

annual Hg emissions (UNEP 2019a). Of the global emissions, 60 % resulted from environmen-

tal processes like recycling previously accumulated anthropogenic Hg deposition from lakes 

and soil, and 10 % resulted from present-time natural sources (UNEP 2019a). 

 

The negative health and environmental impacts of Hg became public knowledge after the initial 

outbreak of Minamata disease (MeHg poisoning) in Minamata Bay, Japan, in 1956 (Harada et 

al. 2008). The disease was caused by exposure to high doses of MeHg in dietary fish and shell-

fish after MeHg enriched wastewater discharge from a chemical plant (Chisso Co. Ltd.) was 

released to the bay (Harada et al. 2008). The accident initiated the Minamata Convention, a 

multilateral environmental agreement which according to UNEP (2019b) aims to protect human 

health and the environment from adverse effects of mercury. Regulations concerning anthropo-

genic Hg emissions have decreased emissions in the United States (US) and Europe (EU), while 

emissions have increased in East Asia (Obrist et al. 2018). Regardless of the regional declines 

in anthropogenic Hg emissions, the accumulated Hg burden increases Hg depositions in the 

present and the future (Amos et al. 2013). 
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1.1 Mercury in the environment and aquatic food webs 

  

Hg has three oxidation states (Hg0, Hg1+, Hg2+), and it is present in the environment in inorganic 

and organic forms (National Research Council 2000). Hg exists predominantly in the atmos-

phere in the gaseous elemental (Hg0) form (Schroede and Munthe 1998), representing around 

95 % of the gaseous mercury species found in the atmosphere (Gworek et al. 2017). Hg0 can 

stay in the atmosphere for 0,5-2 years, and it is removed from the atmosphere with wet or dry 

deposition to water and land (Mason and Sheu 2002, Strode et al. 2007). Hg can be transported 

long distances in the atmosphere to ecosystems remote from local sources (Strode et al. 2007, 

Jackson 2011). Once deposited to water and land, Hg is readily re-emitted back to the atmos-

phere due to its gaseous state (Downs et al. 1998, Schroede and Munthe 1998).  

  

Deposited Hg0 can enter aquatic biota, waters, sediments, and soils (Hsu-Kim et al. 2018). 

Where most of the mercury is found in the inorganic divalent mercury Hg(II) form, while in 

biota most of the mercury is found in the highly toxic organic methylmercury (MeHg) form 

(Ullrich et al. 2001, Liu et al. 2011). Hg can also be found in the deeper ocean in its other 

methylated form dimethylmercury ((CH3)2Hg) (Bank 2012) and as MeHg (Sun et al. 2020). 

Accumulated Hg deposition in the catchment soils is a continual source of Hg to freshwaters 

(Eklöf et al. 2018) where it can be transported to surface waters (Braaten et al. 2014b). Land-

use practices like soil scarification (Rask et al. 1998), peatland drainage (Rekolainen et al. 

1986), and stump harvest (Eklöf et al. 2012) remobilize Hg in the catchment area, organic ma-

terial (OM) working as a carrier (Braaten et al. 2014b, Hsu-Kim et al. 2018). In boreal ecosys-

tems, Hg loads into lakes are higher than in subarctic ecosystems due to more dissolved organic 

material (DOM) in the catchment area that can transport Hg to the lake (Braaten et al. 2014b). 

Further, stump and stem harvest can cause methylation hotspots in the soils if the area is covered 

with water after these practices transporting MeHg to surface waters with stream runoff (Eklöf 

et al. 2018).  

 

In aquatic environments, Hg(II) can be methylated into the bioaccumulative methylmercury 

(MeHg) species (Strode et al. 2007, Schroede and Munthe 1998, Eklöf et al. 2018). Hg concen-

trations in biota are determined by MeHg concentrations in the catchment and surface waters, 

determined by methylation and demethylation in the catchment area and water (Morel et al. 

1998, Braaten et al. 2014b). MeHg production occurs mainly through methylation by sulfur-

reducing bacteria in anoxic conditions but can also occur through other more poorly understood 
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biological or chemical processes (Morel et al. 1998). According to Ullrich et al. (2001) meth-

ylation production is affected by environmental parameters like the amount of sulfur in the lake, 

microbial activity, availability of inorganic Hg, pH, and temperature. For example, Hg(II) binds 

to DOC, which inhibits Hg(II) bioavailability for MeHg methylation, consequently decreasing 

MeHg production in the lake (Barkay et al. 1997) and decreasing MeHg uptake by organisms 

(Hall et al. 1997). 

  

Aquatic organisms uptake MeHg from their diet (Eklöf et al. 2018) and it bioaccumulates and 

biomagnifies in food webs (Okpala et al. 2018). MeHg concentrations have been found to in-

crease with the increased trophic position, leading to higher bioaccumulation in species that 

feed on a higher level in the food chain (Kidd et al. 1995, Power et al. 2002). In the primary 

producers, MeHg concentration is approximately 15%, in primary consumers approximately 

30%, and in fish muscle depending on the size and age of the fish approximately (>70% to 

>90%) (Watras and Bloom 1992, Watras et al. 1998, Amlund et al. 2007, Lescord et al. 2018). 

Zooplankton that inhabits the pelagic zone contains more MeHg compared to littoral benthic 

prey which may cause pelagic fish that feed on zooplankton to have higher Hg concentrations 

than littoral fish (Kahilainen et al. 2016, Karimi et al. 2016). Bioaccumulation of Hg in fish 

increases with age and size (Morel et al. 1998). The sex of the fish may affect Hg concentrations 

since, in some fish species, for example perch, females are often larger than males (Braaten et 

al. 2014a). Further, Hg concentration can increase in species with ontogenetic dietary shifts as 

fish shift to feed on higher levels in the food chain or transfer to feed on pelagic prey that have 

higher levels of Hg (Kahilainen et al. 2016, Thomas et al. 2016).  

  

1.2 Mercury metabolism in fish and the effects of seasonal variation 

 

Fish almost exclusively derive Hg from their diet, and only small amounts are being absorbed 

with passive uptakes through gills from the aqueous phase (Hall et al. 1997). Consumed prey 

is digested, and both MeHg and Hg(II) transfer through blood flow first to the liver and later 

stored in muscle tissue (Lescord et al. 2018). Some of the Hg(II) and MeHg are eliminated from 

the body through intestines to feces, elimination rate of Hg(II) occurring faster than MeHg 

(Wang and Wang 2015). Gills also eliminate Hg(II) from the body, and it has been shown to 

play the most important role in Hg(II) excretion in marine fish (Wang and Wang 2015). Only 

small proportion of the remaining Hg(II) is transported to the muscle as most of it is stored in 

the intestines and liver tissue (Lescord et al. 2018). Regardless, the vast majority of Hg(II) and 



 4 

MeHg in fish can be found in the muscle, MeHg presenting most (>70%) of the detected Hg 

(Amlund et al. 2007). Hg in muscle is mainly incorporated in the proteins, and barely any is 

found in the fat storage (Amlund et al. 2007). Lescord et al. (2018) found that muscle MeHg 

has an ontogenetic pattern indicating an increase as fish age and grow but at different rates 

among species. For example, in adult fish MeHg detected in muscle can present >90% of the 

THg found in the tissue (Lescord et al. 2018). 

 

Seasonal variation of Hg content has often been studied from fish muscle and liver tissue 

(Moreno et al. 2015, Kahilainen et al. 2016, Keva et al. 2017). Two key factors have been found 

to influence the annual variation of Hg in fish: growth dilution in summer and starvation in 

winter (Braaten et al. 2014a, Moreno et al. 2015, Keva et al. 2017). Growth dilution in summer 

refers to faster somatic growth during warmer months, which decreases Hg concentrations in 

fish (Braaten et al. 2014a). Starvation in winter is caused by a lower feeding rate (Moreno et al. 

2015), which causes the lipid content of fish to decrease, condensing Hg in the remaining tissues 

(Kahilainen et al. 2016, Keva et al. 2017). Variables that have been shown to support starvation 

as a cause for Hg condensing in winter are condition factor and season-dependent dietary shifts 

(Kahilainen et al. 2016, Keva et al. 2017). Condition factor has been shown to have a negative 

relationship with THg content (Cizdziel et al. 2002, Swanson & Kidd 2010), supporting starva-

tion in winter when condition factor is the lowest and growth dilution in summer when condi-

tion factor is the highest (Keva et al. 2017). Season dependent dietary shifts can also affect Hg 

content in fish species that shift from feeding littoral benthic prey to pelagic zooplankton as 

was displayed with Arctic charr (Salvelinus alpinus (L.)) (Kahilainen et al. 2016). Spawning 

has also been shown to affect the seasonal variation of Hg in European whitefish (Coregonus 

lavaretus (L.)) due to high energy investment into gonad development, which was shown to 

increase THg concentration in fish muscle (Keva et al. 2017). 

 

1.3 Studied fish species and current monitoring practices in Finland 

 

European perch (Perca fluviatilis) is commonly found fish species in Fennoscandia, Finland, 

and Sweden (Tammi et al. 2003). It is a cool water fish (Fiogbé and Kestemont 2003) that 

inhabits various habitats, from estuarine lagoons and lakes of all types to slow-flowing streams 

(Kottelat and Freyhof 2007). Perch can function in a variety of different temperatures but the 

optimum temperature for growth is 23°C (Fiogbé and Kestemont 2003). Perch goes through 
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size-dependent ontogenetic dietary shifts from young to adult (Amundsen et al. 2003). As ju-

veniles perch feed on pelagic zooplankton, at intermediate size on benthic invertebrates, and 

when large enough on fish prey (Amundsen et al. 2003). Perch is a vision‐oriented feeder; low 

light conditions decrease its feeding activity (Bergman 1988, Estlander et al. 2010). Perch 

spawns in spring (Kottelat and Freyhof 2007), in the study area Lake Pääjärvi in late May. Perch 

exhibits sexual dimorphism, where males grow slower, are smaller in size and mature earlier 

than females (Estlander et al. 2017). The growth and length of both sexes decrease with increas-

ing latitude. Estlander et al. (2017) observed that the age when fish reach maturity increased 

from 2 to 5 years with increasing latitude, and the length at maturity increased 50 mm for both 

males (126–180 mm) and females (138–190 mm). Perch is a popular food fish in northern Eu-

rope and the national fish of Finland (Garner et al. 2016). The mean THg concentration of perch 

calculated by Braaten et al. (2019) from an extensive Fennoscandian fish database from 1965-

2015 is 0.29 ppm (wet weight).  

  

Roach (Rutilus rutilus) is a widely spread fish species distributed over large areas in Europe 

and Russia (Kottelat and Freyhof 2007). Roach has an optimum growing temperature of 27-

28°C (Binner et al. 2008) and it can adapt to various conditions (Olin 2017). It is especially 

abundant in eutrophic waters (Olin 2017). It is an omnivore and a generalist; therefore, it can 

consume many types of food, including plants (Persson 1983). Roach also lacks a distinct stom-

ach and has a long intestine (Persson 1983). Larvae and juvenile roach inhabit the littoral, prey-

ing predominantly on benthic invertebrates, phytoplankton, zooplankton, plant material (in-

cluding macrophytes), and detritus (Jamet 1994, Kottelat and Freyhof 2007). Roach exhibits 

sexual size dimorphism, females are 26% larger in size than males, and they mature a year later 

(Žák et al. 2020). Roach spawns once per season, and the duration of the spawning decreases 

when going northwards, lasting only for 3-6 days in northern latitudes (>61°N) (Lappalainen 

and Tarkan 2007). Roach has an optimum temperature for the embryonic development of eggs 

between 12 and 24 °C (Lappalainen and Tarkan 2007). In the study area Lake Pääjärvi, roach 

was observed to spawn in early June. The mean THg concentration of roach calculated by 

Braaten et al. (2019) from an extensive Fennoscandian fish database collected from 1965-2015 

is 0.37 ppm (wet weight). 

  

In the Finnish proposal for implementing the Water Framework Directive (2000/60/EC), perch 

was selected as a monitoring species to evaluate the chemical status of freshwater and coastal 

waters in Finland (Kangas 2018). European Union has given a guideline for Hg monitoring 
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practices to be executed every three years unless other intervals are justified by technical 

knowledge and expert judgment (Verta et al. 2010). Perch are recommended to be sampled in 

late summer/early autumn, fish sizes selected for Hg monitoring from freshwaters are 15-20 

cm, and from coastal waters 18-20 cm (Kangas 2018). The maximum accepted level set by the 

European Commission (regulation (1881/2006)) of Hg in fish for human consumption is 0.5 μg 

g−1 wet mass and 1.0 μg g−1 wet mass for predatory fish like pike (Regulation 1881/2006/EU). 

MeHg can be detrimental to wildlife and human health (Strode et al. 2007) since humans are 

exposed to mercury mainly from dietary fish and seafood (Bank 2012). High doses of MeHg 

are especially harmful to children; prenatal exposure to contaminated fish or other food sources 

can have severe adverse effects on children causing varying degrees of neurologic damage 

(Harada 2008).  

 

1.4 Research questions and hypothesis 

 

This MSc thesis assesses how the annual variation of mercury content and bioaccumulation 

change in Finland's two key freshwater fish species, perch and roach. The practical application 

of the results is to discuss if annual variation should be considered in monitoring programs. 

Three main research questions are (Q1) How does THg content in the muscle tissue of perch 

and roach change annually? (Q2) How does THg bioaccumulation in the muscle tissue of perch 

and roach change annually? (Q3) What are the factors explaining annual variation in THg con-

tent in the muscle tissue of perch and roach? The following three hypotheses were tested (H1-

H3). 

  

H1: THg content in muscle is expected to increase during winter due to starvation, which causes 

the lipid content of fish to decrease and leads to higher Hg in the remaining tissues (Kahilainen 

et al. 2016, Keva et al. 2017). Further, THg content in muscle tissue is expected to increase 

until spawning and especially after spawning due to high energy investment into gonad devel-

opment (Keva et al. 2017). It is expected that the THg content of perch will be the highest in 

May and the THg content of roach in June during spawning. THg content is expected to begin 

to dilute in mid-summer since the main growing season of fish is from July to September, when 

somatic growth of muscle tissue, including both protein and fat, is faster than mercury accumu-

lation, termed as growth dilution (Braaten et al. 2014a). It is hypothesized that perch will have 

higher annual variation in THg content than roach because it feeds on a higher trophic level and 

since roach has higher fat content in winter and limited winter activity. 
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H2: Annual variation in THg bioaccumulation is expected to show as changes in regression 

slopes between muscle tissue THg and total length. Shallower slopes are expected during the 

summer due to growth dilution i.e., via growth of both muscle and lipid and steeper slopes in 

winter due to starvation i.e., decrease of lipid (Keva et al. 2017). It is hypothesized that gener-

alist perch will have higher bioaccumulation slopes of THg than omnivore roach because perch 

shifts to piscivory along with increasing size.  

 

H3: Earlier studies have found that fish size, gonadosomatic index, sex, condition factor, and 

sampling month influence THg content in the muscle tissue of fish (Morel et al. 1998, Braaten 

et al. 2014a, Keva et al. 2017, Lescord et al. 2018). Sampling month is tested using seasonal 

related continuous variables such as temperature, ice thickness, and light intensity. Biotic fac-

tors tested are total length, condition factor, sex, sexual maturity, and GSI. It is expected that 

these factors will explain the THg content of both studied fish species. Length is expected to be 

present in models of both fish species since it usually has a strong effect (Ward and Neumann 

1999, Braaten et al. 2014a, Moreno et al. 2015, Kahilainen et al. 2016). 

 

2 Materials and methods 
 

2.1 Study area 

 

The study area Lake Pääjärvi (Figure 1) is a boreal lake located in southern Finland (61°04′N, 

25°08°E) in the city of Hämeenlinna and it is headwaters of the Kokemäenjoki watercourse 

(Sairanen 2006). Lake Pääjärvi has a surface area of 13.4 km2, a maximum depth of 85 m, a 

mean depth of 14.4 m (Sairanen 2006), and a length of the shoreline of 33 km (Ruuhijärvi 

1974). The catchment area is 210.1 km2 (Huotari et al. 2013), and most of the catchment is 

covered with forests, peatlands, and agricultural land (Sairanen 2006). Lake Pääjärvi is a meso-

humic and mesotrophic lake with good water quality. It has an annual mean Tot-P of 10 (μg/l), 

Tot-N of 1377 (μg/l), TOC of 11.9 (mgC/l), and compensation depth of 2.4 m (Table 1).  

 

It is assumed that the main pathway of Hg to Lake Pääjärvi is through atmospheric transport 

(Jackson 2011) since there are no point sources to the study area. Atmospheric Hg deposition 

can enter the lake as direct deposition or gradually from the catchment area (Braaten et al. 2019) 

due to land-use changes such as soil scarification (Rask et al. 1998), peatland drainage 

(Rekolainen et al. 1986), and stump harvest (Eklöf et al. 2012). 
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Figure 1. Map of Lake Pääjärvi located in southern Finland. Lammi Biological Station is marked as LBS. Sampling 
sites A: Pappilanlahti, B: Kaunisniemi, C: Luolahti are marked with an ellipse. X stands for the deepest point of 
Lake Pääjärvi, where chemical water sampling was collected. Depth gradients are presented with different shades 
of grey, and numeric markings (3, 40, 43) display water depth in meters.  
 

The fish community in Lake Pääjärvi consist of 14 native fish species, and six introduced fish 

species: roach, perch, bleak (Alburnus alburnus), pikeperch (Sander lucioperca), pike (Esox 

lucius), smelt (Osmerus eperlanus), ruffe (Gymnocephalus cernua), tench (Tinca tinca), bream 

(Abramis brama), crucian carp (Carassius carassius), vendace (Coregonus albula), burbot 

(Lota lota) (Sairanen 2006), common bullhead (Cottus gobio), stone loach (Barbatula bar-

batula), and rudd (Scardinius erythrophthalmus) (Viljanen 1972, Viljanen 2000, Sairanen 

2006, Ruuhijärvi et al. 2014, Eerola 2021). Introduced fish species in Lake Pääjärvi are white-

fish (Coregonus lavaretus), brown trout (Salmo trutta), brook trout (Salvelinus fontinalis), rain-

bow trout (Oncorhynchus mykiss), Arctic charr (Salvelinus alpinus) and European eel (Anguilla 

anguilla) (Viljanen 1972, Viljanen 2000, Sairanen 2006, Ruuhijärvi et al. 2014, Eerola 2021). 

Signal crayfish (Pacifastacus leniusculus) has also been introduced to Lake Pääjärvi in the 

1990s (K.Kahilainen, pers. comm). The most abundant species in Lake Pääjärvi is roach, and 

the second most abundant species is perch (Viljanen 1972, Eerola 2021). In 2020-2021 roach 

represented 50.5 % of the unit share of the total biomass catch, and perch represented 23.4% 

(Eerola 2021). In Lake Pääjärvi, perch spawned late May and roach in early June (Table 5, 

Table 6). 
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2.2 Study methods 

 

The sampling period was from March 2020 to March 2021. Fish were sampled from the pelagic, 

profundal, and littoral zones from three different sampling sites Pappilanlahti, Luolahti, and 

Kaunisniemi, each month (Figure 1). Fishing was conducted using gillnet series that included 

eight 1.8 m high x 30 m long gillnets in a random order (mesh sizes: 12,15,20,25,30,35,45,60 

mm). Gillnet series also included one Nordic multi-mesh gillnet that was 1.5 m high x 27 m 

long consisting of twelve 2.5 m wide nets (mesh sizes: 5-55 mm).  

 

Additional measurements taken monthly in Pappilanlahti were lake's light conditions using LI-

COR light meter (wavelengths 400-700 nm), Secchi-depth (m), and in winter months ice thick-

ness (cm) and snow depth (cm). Ice thickness was measured from three pieces of ice sawn and 

removed from the ice cover. Snow thickness was measured from three different spots next to 

the ice pieces. A mean value was calculated for both ice thickness and snow depth. Measure-

ments taken monthly from the basin were total phosphorus (μg/l), total nitrogen (μg/l), total 

organic carbon (mg/l), color (mg/l Pt), chlorophyll-a (μg/l) and pH. Also, water temperature 

(°C), oxygen concentration (mg/l), and oxygen saturation were measured monthly from the 

basin using YSI-meter (Table 1). 

 
Table 1. Physical and chemical measurements in Lake Pääjärvi during the sampling period. (Tot-P=total phospho-
rus, Tot-N=total nitrogen, TOC=Total carbon, chl-a=chlorophyll-a). 
 

 
 

Experimental fishing was conducted in open water and winter seasons, fishing methods varying 

under these conditions. In the open water season from April 2020 to December 2020, fishing 

Variable Mar-20 Apr-20 May-20 Jun-20 Jul-20 Aug-20 Sep-20 Oct-20 Nov-20 Dec-20 Jan-21 Feb-21 Mar-21
Secchi-depth (m) 2.3 2 1.8 1.5 2 2 1.8 2.2 1.8 1.8 1.8 1.6 1.6
Temperature  0-3m (℃) 0.7 1.9 6.0 19.5 17.1 20.5 13.6 11.7 7.0 4.2 1.9 0.8 1.0
Temperature  3-20m (℃) 0.7 1.8 5.8 8.9 10.2 10.7 10.5 10.6 7.0 4.2 1.9 1.4 1.5
Compensation depth (m) 3 2.5 2.5 2.5 3 2.5 3 3 2.5 2.5 1 1.5 1.5
Light intensity 0-3 m (µmol/s/m2) 24.5 63.9 91.3 450.2 149.8 47.1 22.4 29.8 93.1 0.5 1.5 6.4 6.4
Light intensity 3-20 m (µmol/s/m2) 0.1 0.02 0.05 0.1 0.2 0.05 0.06 0.06 0.03 0.0003 0.0003 0.004 0.004
Oxygen saturation 0-3m (%) 92.4 90.3 101.2 109.8 97.6 101.5 94.2 94.3 91.4 93.3 91.7 91.1 93
Oxygen saturation 3-20 m (%) 91.9 88.6 98.9 93.8 89.7 82.8 83.6 87.3 89.8 91.2 90.2 88.4 89
Oxygen 0-3m (mg/l) 13.3 12.5 12.6 10.1 9.4 9.1 9.8 10.2 11.1 12.2 12.7 13 13.2
Oxygen 3-20m (mg/l) 13.2 12.3 12.4 10.9 10.1 9.2 9.3 9.7 10.9 11.9 12.5 12.4 12.5
Tot-P (µg/l) 13 12 12 11 11 9 8 9 8 10 10 10 9
Tot-N (µg/l) 1508 1531 1475 1322 1302 1250 1278 1308 1420 1420 1452 1318 1319
TOC (mgC/l) 12.2 12.2 12.3 12.3 11.6 11.2 11.5 10.8 11.5 11.9 12.1 12.4 12.4
Color (Pt/l) 86 87 85 81 77 73 73 69 75 81 83 85 83
pH 7.2 7.1 7.2 7.4 7.3 7.4 7.3 7.3 7.1 7.2 7.2 7.2 7.2
chl-a (µg/l) 0.6 1.1 2.5 5.7 3.6 5.5 3.4 2.1 1 0.6 0.3 0.3 0.6
Ice thickness (cm) 10.5 0 0 0 0 0 0 0 0 0 10.5 27 36.2
Snow depth (cm) 0 0 0 0 0 0 0 0 0 0 5 8.2 9
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was conducted on three consecutive days each month. Three gillnet series were placed to the 

sampling sites in the evening at depths 0-4 m (pelagial), 1-5 m (littoral), and 7-20 m (profundal) 

and left overnight. Experimental fishing under the ice cover was conducted in March 2020 and 

January-March 2021. In winter, experimental fishing was conducted solely in the sample site 

Pappilanlahti in each habitat at the same depths as in open water season. Three separate gillnet 

series were placed under the ice from one center hole made in the ice to three holes phasing in 

different directions. Gillnets were checked and fish removed after 1-4 days, and the process 

was repeated 2-3 weeks in winter. In both open water season and winter season, gillnet series 

were checked, caught perch and roach were collected, mass was measured to the nearest one-

tenth of a gram, and total length to the nearest millimeter. Before further processing, fish were 

stored in plastic bags and frozen to (-20 °C). 

  

2.3 Sample selection and analyses 

 

The monthly sample size (n) of fish was 15 individuals from each species, and thus total sample 

size from 13 months was 195 fish individuals per species. Fish were selected, when possible, 

to demonstrate all captured size categories and both sexes. In most months, sampled fish were 

divided by sex into 8 females and 7 males. However, due to smaller fish catch in winter months, 

perch was divided by sex in January 2021 to 10 females and 5 males (Table 5). Roach was 

divided by sex in February 2021 to 13 females and 2 males, and in March 2021 to 12 females 

and 3 males (Table 6). For variance analysis, the size of all sampled fish was corrected to one 

mean-length (18.1 cm) and length adjusted THg was calculated for all sampled fish. Length 

adjusted THg was calculated: 

 

Length adjusted THg = meanTLpop/ /TLind x THgind,  

 

Where meanTLpop (cm) is the mean total length of population, TLind (cm) is total length of indi-

vidual, THgind (µg/g) is total mercury content of individual. Each fish individual's sex, sexual 

maturity, stomach fullness, and Fulton’s condition factor were determined. Fulton’s condition 

factor (K) was determined using the formula (Nash et al. 2006): 

 

K = M/TL3 x 100, 

 

Where M (g) refers to mass and TL (cm) to total length of fish.  
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Sex was determined visually from gonads (coding: 1 female, 2 male, 3 juvenile), and sexual 

maturity was determined from gonad weight and calculating the gonadosomatic index: 

  

GSI=GM/SM x 100, 

 

Where GM refers to mass of gonads (g), and SM to somatic mass (g) (Bagenal 1978). The 

stomach fullness of the roach was estimated visually using the percentage method, and the 

stomach fullness of perch was estimated visually using the point method. In the percentage 

method, a scale from 0 % (empty) to 100 % (contain food) was used to assess the stomach 

fullness of roach. Gut content was identified, and the share of identified gut contents relative 

share of total percentage was estimated in percentages. In the point method (Hynes 1950), a 

scale from 0 (empty) to 10 (full) was used to assess the stomach fullness of perch. Stomach 

content was identified, and the share of identified contents relative share of total fullness was 

estimated. 

 

For THg analyses, the white dorsal muscle was sampled from each fish. Fish were turned to 

their left side, and a rectangle-shaped piece of muscle was dissected above the lateral line, be-

ginning the dissection from the front of the dorsal fin proceeding towards the caudal fin. Muscle 

samples were cleaned from the skin, bones, and scales, followed by storing in plastic vials (2 

ml), frozen (- 20°C), and freeze-dried (-50°C, 48 h). Muscle samples were grounded into even 

powder, and THg content from the freeze-dried muscle samples was analyzed with Milestone 

DMA-80 direct mercury analyzer (atomic absorption spectrometry). At the beginning and end 

of each run, a blank control (empty sample boat) and 20-30 mg of certified reference material 

(DORM-4) with THg concentration of mean ± SD, 0.410 ± 0.055 μg g−1 were used (Table 2). 

Freeze-dried muscle sample was measured (20-30 mg) to other sample boats. Duplicates were 

measured for every fifth sample to assess sample variability. The quality of the measurements 

was assessed using ±10 % of the percentage difference from the mean value of the duplicates. 

All duplicates in the data were accepted for further analyses. 
 

Table 2. The reliability of blank controls and reference materials. The mean values, range (min-max), and the 
number of samples (n) of measured THg concentration (μg g−1) of blank controls (blank) and certified reference 
materials (DORM-4). The ratio of the analyzed THg concentrations to the actual mercury concentration (recovery 
%) is reported for the standard sample. 
 

 

mean (recovery %) min-max n
blank 0.00005 0-0.00456 158
DORM-4 0.396 (96.4 %) 0.345-0.429 158
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2.4 Statistical methods 

 

(H1) The monthly THg content variation in perch and roach muscle tissue was tested using 

variance analysis. The homogeneity of the variance was tested using Levene’s test to determine 

which analysis (pairwise method of comparison) should be used for the fish species. The 

monthly length adjusted THg content variation in the muscle tissue of perch was tested using 

Welch ANOVA (post hoc: Games-Howell) due to variances being unequal according to 

Levene’s test. The monthly length adjusted THg content variation in the muscle tissue of roach 

was tested using One-way ANOVA (post hoc: Tukey’s HSD) due to variances being equal 

according to Levene’s test. Pairwise comparison was only reported when ANOVA or Welch-

ANOVA showed significant seasonal variation in THg content. 

  

(H2) The annual THg bioaccumulation variation in the relationship between muscle and fish 

length was tested with simple linear regression analysis. Seasonal variation from bioaccumula-

tion slopes obtained from linear regression analysis was assessed using nonlinear LOESS re-

gression analysis with a smoothing parameter of 0.5. 

  

(H3) The season related factors (date, Secchi depth, temperature 0-3 m, temperature 3-20 m, 

compensation depth, oxygen 0-3 m, light 0-3 m, total phosphorus (Tot-P), total nitrogen (Tot-

N), total carbon (TOC), color, pH, chlorophyll-a (chl-a), ice thickness and snow depth) and 

biotic factors (total length, condition factor, sex, sexual maturity, GSI) possibly influencing 

seasonal variation in THg content were tested using Pearson correlation analysis and stepwise 

multiple linear regression analysis with a significance level of 95 %. The forward selection was 

used, and factors with a probability of p < 0.05 were chosen for the model. Simple linear re-

gression analyses were conducted between mean THg content and selected factors from the 

multiple linear regression analysis to assess the factors separately. All statistical analyses were 

conducted using IBM SPSS statistics 27 (IBM, Armonk, NY, US). Significance level used (p 

< 0.05). 
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3 Results 
 

Fish, benthic invertebrates, and zooplankton were identified from the stomach content of perch 

(Table 3). Identified fish species were ruffe, perch, common sculpin, and bleak. Stomach con-

tent also included unidentified fish remains. The following benthic invertebrates were identi-

fied: stoneflies (Plecoptera), mayflies (Ephemeroptera), non-biting midge larvae (Chirono-

midae larvae), caddisflies (Trichoptera), Dragonfly nymphs (Odonata nymph), predaceous div-

ing beetles (Dytiscidae n.), Asellus, biting midges (Ceratopogonidae) and insect remains. The 

following zooplankton taxa were identified from the stomach content: Calanoida, Cyclopoida, 

Gammarids (Gammaridae), Mysis relicta, Bosmina sp., Copepoda, and Daphnia sp. Mysis was 

made into its separate group since it portrayed a large proportion of the perch diet in winter. On 

an annual scale, M. relicta, perch, and unidentified fish were the most abundant prey found in 

perch diet. Stomach content also included small amounts of plant remains and a stone grouped 

as other.  
 

Table 3. The monthly shares of identified stomach content of perch. Including a summary of stomach content 
divided into groups of fish, benthos, zooplankton, mysis and other. Table also displays the monthly mean stomach 
fullness and the mean percentage of empty stomachs. 
 

 
 

Stomach content Mar-20 Apr-20 May-20 Jun-20 Jul-20 Aug-20 Sep-20 Oct-20 Nov-20 Dec-20 Jan-21 Feb-21 Mar-21
Ruffe 0 0 0 0 0 0 0 0 22.0 11.3 0 0 25.0
Perch 56.3 0 0 0 26.7 41.7 0 37.5 0 0 0 19.2 37.5
Common sculpin 0 0 31.6 0 0 0 0 0 0 0 0 0 0
Bleak 0 0 0 25.8 0 0 0 0 0 0 44.4 0 0
Fish remains 21.1 30.0 0 12.9 50.0 22.2 26.7 0 10.0 6.5 0 11.5 0
Plecoptera 7.0 0 0 0 0 0 0 0 0 0 0 0 0
Ephemeroptera 0 6.3 25.3 3.2 0 0 0 0 0 0 0 0 0
Chironomidae larvae 0 0 2.1 3.2 6.7 5.6 36.7 0 6.0 0 0 0 0
Trichoptera 0 4.7 0 6.5 0 0 0 0 0 0 0 0 0
Odonata nymph 0 7.9 0 16.1 6.7 0 0 0 0 0 0 0 0
Chironomid pupae 0 0 19.5 0 3.3 0 0 0 0 0 0 0 0
Dytiscidae n. 0 0 0 0 0 0 0 0 0 1.6 0 0 0
Ceratopogonidae 0 0 0 3.2 0 0 0 0 0 0 0 0 0
Asellus 0 0 15.8 9.7 0 0 0 0 4.0 0 0 0 0
Insect remains 0 0 0 9.7 0 0 0 0 0 0 0 0 0
Calanoida 0 0 3.2 9.7 6.7 11.1 0 0 10.0 0 0 0 0
Cyclopoida 15.5 43.2 0 0 0 0 0 0 0 0 0 0 0
Gammaridae 0 0 0 0 0 0 0 0 0 0 0 7.7 0
Bosmina 0 0 0 0 0 5.6 0 0 0 0 0 0 0
Copepoda 0 0 0 0 0 5.6 36.7 0 0 1.6 0 0 0
Daphnia 0 0 0 0 0 8.3 0 0 0 0 0 0 0
Mysis relicta 0 7.9 0 0 0 0 0 50.0 48.0 77.4 55.6 61.5 37.5
Plant remains 0 0 0 0 0 0 0 0 0 1.6 0 0 0
Stone 0 0 2.6 0 0 0 0 0 0 0 0 0 0

Fish 77.5 30.0 31.6 38.7 76.7 63.9 26.7 37.5 32.0 17.7 44.4 30.8 62.5
Benthos 7.0 18.9 62.6 51.6 16.7 5.6 36.7 0 10.0 1.6 0 0 0
Zooplankton 15.5 43.2 3.2 9.7 6.7 30.6 36.7 0 10.0 1.6 0 7.7 0
Mysis 0 7.9 0 0 0 0 0 50.0 48.0 77.4 55.6 61.5 37.5
Other 0 0 2.6 0 0 0 0 0 0 1.6 0 0 0

Mean stomach fullness 0.9 2.3 1.5 2.2 2.1 2.8 2 1.1 3.3 4.1 1.3 1.7 1.6
Empty stomachs (%) 60 20 80 53 33 33 60 73 6.7 0 40 27 53
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The stomach fullness of perch was the lowest in March 2020 and the highest in December 2020 

(Table 3). The percentage of empty stomachs was the highest in May 2020 during spawning 

time and the lowest in December 2020, indicating lowered feeding activity during spawning. 

Fish prey was found from the diet in each sampling month. Fish consumption was highest in 

March 2020, July 2020, August 2020, and March 2021 and lowest in September and December 

2020. From March 2020 to early summer, when fish consumption was lowered, benthic inver-

tebrate and zooplankton consumption increased. Benthic invertebrates were consumed from 

spring 2020 to December 2020. Mysis was mostly present in the diet from October 2020 to 

March 2021. Zooplankton other than Mysis was mainly consumed from March 2020 to Sep-

tember 2020, and only low levels were found in fall and winter. 

 

Benthic invertebrates, zooplankton, plants, detritus, and sand were identified from the gut con-

tent of roach (Table 4). The following benthic invertebrates were identified: caddisfly lar-

vae (Trichoptera), mayflies nymph (Ephemeroptera), insect larvae, non-biting midge (Chiron-

omidae), Asellus, and Insecta. The following zooplankton taxa were identified: Copepoda, My-

sis relicta, and unidentified zooplankton. Plants identified from the gut content were Macro-

phyta and benthic algae. On an annual scale, detritus, sand, and Trichoptera larvae were the 

most significant diet categories found in roach intestine. Gut content also included terrestrial 

insects and plant seeds categorized as other. 
 

Table 4. The monthly shares of identified gut content of roach. Including a summary of gut content divided into 
groups of benthos, zooplankton, plants, detritus, and sand, and other. Table also displays the monthly mean per-
centage of empty stomachs. 
 

 

Stomach content Mar-20 Apr-20 May-20 Jun-20 Jul-20 Aug-20 Sep-20 Oct-20 Nov-20 Dec-20 Jan-21 Feb-21 Mar-21
Trichoptera larvae 87.3 20.0 6.7 0 9.3 12.5 10.8 3.0 11.4 41.7 50.0 50.0 83.3
Ephemeroptera 0.9 0 0 0 0 0 0 0 0 0 0 0 16.7
Insect larvae 0 39.6 3.3 0 0 0 0 0 0 0 50.0 0 0
Chironomidae 0 0 0 2.5 0 0.1 0 0 0 0 0 25.0 0
Insecta 0 0 0 0 0 0 13.3 0 0 0 0 0 0
Asellus 0 0 0 0 4.0 0 0 0 0 0 0 0 0
Terrestrial insects 0 0 0 0 0 0 8.3 0 0 0 0 0 0
Copepoda 0 10.8 0 0 0 0 0 0 0 0 0 0 0
Zooplankton 0 0 0 0 6.7 8.3 0 0 0 0 0 0 0
Mysis r. 0 7.7 0 0 0 0 0 0 0 0 0 25.0 0
Macrophyta 0 1.2 1.4 0 6.0 0.5 3.3 0 0 0 0 0 0
Algae (benthic) 0 0 8.8 0 0 0 0 3 0 0 0 0 0
Plant seed 9.1 0.2 0.3 0 0 0 0 0 0 0 0 0 0
Detritus 2.7 20.5 71.3 46.3 35.3 35.8 30.0 47.0 40.0 35.0 0 0 0
Sand 0 0 8.2 51.3 38.7 42.8 34.2 47.0 48.6 23.3 0 0 0

Benthos 88.2 59.6 10.0 2.5 13.3 12.6 24.2 3.0 11.4 41.7 100.0 75.0 100.0
Zooplankton 0 18.5 0 0 6.7 8.3 0 0 0 0 0 25.0 0
Plants 0 1.2 10.2 0 6.0 0.5 3.3 3.0 0 0 0 0 0
Detritus & sand 2.7 20.5 79.5 97.5 74.0 78.6 64.2 94.0 88.6 58.3 0 0 0
Other 9.1 0.2 0.3 0 0 0 8.3 0 0 0 0 0 0

Empty stomachs (%) 26.7 13.3 0 46.7 0 20 20 33.3 6.7 60 86.7 73.3 60
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The percentage of empty stomachs were highest in winter 2020 and in June 2020 during spawn-

ing (Table 4). Indicating lowered feeding activity in winter and during spawning. The percent-

age of empty stomachs was lowest in May 2020 and in July 2020. Benthic invertebrate con-

sumption was highest in spring in 2020. Its consumption lowered in late spring and stayed low 

until it increased again in December, increasing towards spring 2021. Consumption of detritus 

and sand increased from late May 2020 onwards and stayed high until December 2020. Zoo-

plankton and macrophytes were part of the diet sporadically and in smaller quantities. 

 

3.1 The monthly variation of THg content  

 

The mean length of perch during the sampling period varied between 16.1-21.5 cm (Table 5), 

and it was highest in March 2020 and lowest in September 2020. The condition factor of perch 

varied between 1.0-1.2, and it was highest in March 2020 and 1.0 in most months. The gona-

dosomatic index of perch varied between 0.3-6.5. It was lowest in July and August 2020 and 

highest in March 2020. The gonadosomatic index of perch started to decline in late May, indi-

cating that perch have started to spawn. The mean length adjusted THg content in perch varied 

between 0.397-0.720 µg/g, and it was highest in March 2021 and lowest in September 2020 

(Table 5, Figure 2). 

 
Table 5. Basic statistics (mean, standard deviation, range) of monthly length adjusted THg content variation in 
perch. The length was adjusted to 18.1 cm. The table also includes mean values of basic variables (N=sample size, 
F=female, M=male, K=condition factor, and GSI= gonadosomatic index). 
 

 
 

The mean length of roach during the sampling period varied between 15.3-22.1 cm (Table 6), 

and it was the highest in February 2021 and the lowest in July 2020. Condition factor varied 

Date N F M Length Weight K GSI Adj. THg (µg/g) Adj. THg (µg/g) Adj. THg (µg/g)
(cm)  (g) Mean Std. Deviation Range

15/03/2020 15 8 7 21.5 152.7 1.2 6.5 0.454 0.091 -0.297
15/04/2020 15 8 7 16.7 98.2 1.0 3.9 0.510 0.173 -0.633
15/05/2020 15 8 7 18.8 101.3 1.0 3.1 0.484 0.117 -0.450
15/06/2020 15 8 7 18.9 97.9 1.0 0.4 0.482 0.146 -0.458
15/07/2020 15 8 7 17.1 81.4 1.1 0.3 0.426 0.130 -0.533
15/08/2020 15 8 7 16.6 99.0 1.1 0.3 0.456 0.121 -0.474
15/09/2020 15 8 7 16.1 69.9 1.0 2.8 0.397 0.122 -0.414
15/10/2020 15 8 7 18.2 99.4 1.0 2.7 0.439 0.132 -0.494
15/11/2020 15 8 7 17.1 80.3 1.0 2.4 0.456 0.135 -0.550
15/12/2020 15 8 7 17.1 95.0 1.0 3.6 0.495 0.178 -0.626
15/01/2021 15 10 5 18.4 82.3 1.0 2.3 0.462 0.077 -0.285
15/02/2021 15 8 7 18.6 99.9 1.0 3.2 0.541 0.175 -0.633
15/03/2021 15 8 7 16.5 116.6 1.0 4.0 0.720 0.255 -0.757

Mean 15 8 7 17.8 98.0 1.0 2.8 0.486 0.142 -0.508
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between 0.9-1.1, and it was lowest in September. The gonadosomatic index of roach varied 

between 0.6-8.9, and it was lowest in June and July 2020 and highest in February 2021. The 

gonadosomatic index collapsed in June, indicating that roach had just spawned. The mean 

length adjusted THg content in roach varied between 0.241-0.312 µg/g, and it was lowest in 

September 2020 and highest in June 2020 (Table 6, Figure 2). 

 
Table 6. Basic statistics (mean, standard deviation, range) of monthly length adjusted THg content variation in 
roach. The length was adjusted to 18.1 cm. The table also includes mean values of basic variables (N=sample size, 
F=female, M=male, K=condition factor, and GSI= gonadosomatic index). 
 

 
 
 

 
Figure 2. Seasonal variation of the mean THg content of total length adjusted perch and roach. Length was ad-
justed to 18.1 cm for both species and THg was measured as dry weight (d.w.). Error bars are 95% confidence 
intervals.  

Date N F M Length Weight K GSI Adj. THg (µg/g) Adj. THg (µg/g) Adj. THg (µg/g)
(cm) (g) Mean Std. Deviation Range

15/03/2020 15 8 7 20.4 102.8 1.1 7.8 0.311 0.103 -0.343
15/04/2020 15 8 7 17.5 60.1 1.0 7.5 0.269 0.061 -0.196
15/05/2020 15 8 7 18.9 80.9 1.0 8.4 0.303 0.068 -0.246
15/06/2020 15 8 7 19.3 93.9 1.0 0.6 0.312 0.085 -0.295
15/07/2020 15 8 7 15.3 48.6 1.0 0.6 0.281 0.082 -0.284
15/08/2020 15 8 7 17.8 80.4 1.0 1.1 0.291 0.098 -0.293
15/09/2020 15 8 7 16.8 51.0 0.9 2.8 0.241 0.102 -0.317
15/10/2020 15 8 7 16.0 50.4 1.0 3.9 0.261 0.087 -0.269
15/11/2020 15 8 7 17.9 91.9 1.1 4.1 0.252 0.142 -0.510
15/12/2020 15 8 7 17.9 71.8 1.0 6.2 0.244 0.085 -0.315
15/01/2021 15 8 7 18.7 93.2 1.0 6.8 0.287 0.142 -0.598
15/02/2021 15 13 2 22.1 132.6 1.1 8.9 0.289 0.063 -0.213
15/03/2021 15 12 3 21.2 125.0 1.0 7.2 0.243 0.078 -0.313

Mean 15 9 6 18.4 83.3 1.0 5.1 0.276 0.092 -0.322
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There was significant seasonal variation of THg content of perch (Welch-ANOVA, F12, 70.6 = 

2.01, p=0.035) but no significant seasonal variation of THg content of roach (ANOVA, F12, 182 

= 1.10, p=0.358).  

 

The Games-Howell pairwise comparison of perch showed significant differences (p<0.050) in 

THg content between March 2021 and three months of the sampling period: July 2020 

(p=0.030), September 2020 (p=0.012), and October 2020 (p=0.044) (Table 7). Length adjusted 

THg content was highest in March 2021 compared to July, September, and October 2020, when 

THg content was lower (Figure 2).  

 
Table 7. P-values from Multiple Comparison Games-Howell test displaying monthly variation in adjusted THg. 
Significant p-values (p<0.05) are bolded, and non-significant values are labeled as ns. 
 

  
 

 

3.2 The monthly variation of THg bioaccumulation  

 
Bioaccumulation of THg with length varied seasonally in the muscle tissue of both fish species. 

With perch, there was a significant linear relationship between THg bioaccumulation and fish 

length in each sampling month (Table 8). The highest adjusted coefficient of determination was 

found in May 2020 (AdjR2=0.892) and the lowest in February 2021 (AdjR2=0.521) (Table 8). 

 

With roach, THg bioaccumulation in muscle related significantly and linearly with fish length 

in each sampling month (Table 9). Roach had the highest adjusted coefficient of determination 

in June 2020 (AdjR2=0.864) and the lowest in October 2020 (AdjR2=0.255) (Table 9). 

 

Apr-20 May-20 Jun-20 Jul-20 Aug-20 Sep-20 Oct-20 Nov-20 Dec-20 Jan-21 Feb-21 Mar-21

Mar-20 ns ns ns ns ns ns ns ns ns ns ns ns

Apr-20 ns ns ns ns ns ns ns ns ns ns ns

May-20 ns ns ns ns ns ns ns ns ns ns

Jun-20 ns ns ns ns ns ns ns ns ns

Jul-20 ns ns ns ns ns ns ns 0.030

Aug-20 ns ns ns ns ns ns ns

Sep-20 ns ns ns ns ns 0.012

Oct-20 ns ns ns ns 0.044

Nov-20 ns ns ns ns

Dec-20 ns ns ns

Jan-21 ns ns

Feb-21 ns
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Table 8. Linear regression between THg muscle tissue and fish length in perch.  
 

 
 
Table 9. Linear regression between THg muscle tissue and fish length in roach.  
 

 
 

The regressions between THg in muscle tissue and total length showed a strong positive corre-

lation throughout the sampling period with both fish species (Figure 3). The regressions be-

tween THg in muscle tissue and total length of perch showed the highest slopes in June 2020, 

diminishing towards fall, being lowest in November 2020, and again increasing towards March 

2021 (Figure 4a). The regressions between THg in muscle tissue and total length of roach 

showed the highest slopes in June and January, whereas the lowest were in October and De-

cember (Figure 4b). Perch had clearly steeper regression slopes compared to roach showing 

more substantial seasonal variation in bioaccumulation (Figure 3, Figure 4). 

Date AdjR2 df F p-value Constant a Slope coeffient b
15/03/2020 0.672 1 29.643 p<0.001  -0.077 0.029
15/04/2020 0.768 1 47.363 p<0.001  -0.210 0.043
15/05/2020 0.892 1 116.924 p<0.001  -0.223 0.040
15/06/2020 0.890 1 114.014 p<0.001  -0.358 0.048
15/07/2020 0.784 1 51.705 p<0.001  -0.306 0.043
15/08/2020 0.834 1 71.589 p<0.001  -0.049 0.028
15/09/2020 0.730 1 38.879 p<0.001  -0.046 0.025
15/10/2020 0.747 1 42.322 p<0.001  -0.116 0.031
15/11/2020 0.664 1 28.606 p<0.001  0.086 0.019
15/12/2020 0.662 1 28.468 p<0.001  0.028 0.024
15/01/2021 0.793 1 54.655 p<0.001  -0.157 0.034
15/02/2021 0.521 1 16.228 0.001 0.125 0.021
15/03/2021 0.689 1 32.068 p<0.001  -0.112 0.046

Date AdjR2 df F p-value Constant a Slope coeffient b
15/03/2020 0.262 1 5.971 0.030 -0.039 0.019
15/04/2020 0.678 1 30.472 p<0.001  -0.136 0.023
15/05/2020 0.456 1 12.729 0.003 -0.053 0.020
15/06/2020 0.864 1 90.185 p<0.001  -0.176 0.027
15/07/2020 0.524 1 16.389 0.001 0.012 0.015
15/08/2020 0.565 1 19.198 p<0.001  -0.072 0.020
15/09/2020 0.306 1 7.163 0.019 -0.138 0.022
15/10/2020 0.255 1 5.794 0.032 0.048 0.011
15/11/2020 0.330 1 7.900 0.015 -0.063 0.018
15/12/2020 0.271 1 6.198 0.027 0.057 0.010
15/01/2021 0.477 1 13.773 0.003 -0.231 0.029
15/02/2021 0.448 1 12.351 0.004 -0.068 0.019
15/03/2021 0.535 1 17.121 0.001 -0.129 0.020
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Figure 3. Linear regression lines (solid line) and 95% confidence intervals (hatched lines) between muscle tissue THg measured as dry weight (d.w.) and fish total length from 
March 2020 to March 2021. Both species are displayed in the figure. 
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a) 
 
 

 
 
 

b) 

 
 
 
 
Figure 4. Loess-regression of linear regression slope coefficient b and sampling date showing how bioaccumula-
tion rate changes seasonally in perch (a) and roach (b). Smoothing parameter was 0.5. 
 
 
 



 21 

3.3 Factors explaining the annual variation of THg content  

 

In the stepwise multiple linear regression model conducted to perch some factors had a signif-

icant negative or positive correlation with each other (Table 10). Pearson correlations >0.80 

between factors that correlated positively and significantly with each other were K and length 

(r=0.836, p<0.05), temperature 3-20 m and temperature 0-3 m (r=0.921, p<0.05), color and 

oxygen 0-3 m (r=0.823, p<0.05), color and TOC (r=0.937, p<0.05), pH and temperature 0-3 m 

(r=0.848, p<0.05), chl-a and temperature 0-3m (r=0.949, p<0.05), chl-a and temperature 3-20 

m (r=0.801, p<0.05), chl-a and pH (r=0.856, p<0.05) and snow depth and ice thickness 

(r=0.946, p<0.05).  

 

In the stepwise multiple linear regression model conducted to roach, some factors had a signif-

icant negative or positive correlation with each other (Table 11). Pearson correlations >0.80 

between factors that correlated positively and significantly with each other were the same en-

vironmental variables found in the stepwise multiple linear regression model of perch. Biolog-

ical factors of roach did not show correlation >0.80. 
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Table 10. Pearson correlations and p-values of perch between potential explanatory variables in multiple regression models. Pearson’s correlations coefficients are color-coded 
in grey and p-values in white. Significant p-values (p<0.05) are bolded. (Tot-P=total phosphorus, Tot-N=total nitrogen, TOC=Total carbon, chl-a=chlorophyll-a). 
 

 
 

 

 

 

 

Date Length K Sex Sexual maturity GSI Secchi depth Temp 0-3 m Temp 3-20 m Compensation depth Oxygen 0-3 m Light 0-3 m Tot-P Tot-N TOC Color pH chl-a Ice thickness Snow depth 

Date 1 -0.077 -0.151 -0.022 -0.254 -0.029 -0.506 -0.273 -0.176 -0.674 0.178 -0.395 -0.695 -0.388 -0.018 -0.162 -0.134 -0.410 0.591 0.732

Length 0.142 1 0.836 -0.224 0.720 0.632 0.058 -0.054 -0.073 0.010 0.082 0.033 0.132 0.087 0.067 0.084 -0.005 -0.036 0.016 -0.010

K 0.018 <0.001 1 -0.202 0.562 0.624 0.202 0.059 0.025 0.143 -0.050 -0.004 0.126 0.001 -0.053 -0.013 0.082 0.053 -0.040 -0.099

sex 0.380 0.001 0.002 1 -0.094 -0.155 0.006 0.018 0.021 0.046 -0.017 0.013 0.002 -0.017 -0.009 -0.012 0.009 0.020 -0.007 -0.021

Sexual maturity <0.001 <0.001 <0.001 0.095 1 0.346 -0.006 0.176 0.124 0.152 -0.101 0.239 0.175 0.023 0.042 0.035 0.157 0.236 -0.180 -0.197

GSI 0.343 <0.001 <0.001 0.015 <0.001 1 0.118 -0.313 -0.277 -0.011 0.300 -0.203 0.135 0.239 0.146 0.196 -0.244 -0.285 0.142 0.070

Secchi depth <0.001 0.208 0.002 0.469 0.467 0.050 1 0.010 0.111 0.573 -0.119 -0.361 0.290 0.259 -0.512 -0.232 -0.040 -0.073 -0.376 -0.512

Temp 0-3 m <0.001 0.225 0.205 0.401 0.007 <0.001 0.446 1 0.921 0.502 -0.954 0.581 -0.258 -0.672 -0.567 -0.679 0.848 0.949 -0.563 -0.520

Temp 3-20 m 0.007 0.157 0.365 0.388 0.042 <0.001 0.062 <0.001 1 0.598 -0.958 0.377 -0.431 -0.657 -0.764 -0.857 0.701 0.801 -0.632 -0.575

Compensation depth <0.001 0.446 0.023 0.263 0.017 0.439 <0.001 <0.001 <0.001 1 -0.547 0.225 0.141 -0.070 -0.522 -0.445 0.277 0.445 -0.686 -0.845

Oxygen 0-3 m 0.006 0.128 0.244 0.408 0.079 <0.001 0.048 <0.001 <0.001 <0.001 1 -0.404 0.418 0.686 0.742 0.823 -0.731 -0.829 0.604 0.541

Light 0-3 m <0.001 0.325 0.476 0.427 <0.001 0.002 <0.001 <0.001 <0.001 0.001 <0.001 1 0.227 -0.154 0.156 -0.002 0.473 0.663 -0.329 -0.322

Tot-P <0.001 0.033 0.040 0.488 0.007 0.030 <0.001 <0.001 <0.001 0.025 <0.001 0.001 1 0.638 0.553 0.721 -0.153 -0.080 -0.078 -0.196

Tot-N <0.001 0.115 0.494 0.406 0.375 <0.001 <0.001 <0.001 <0.001 0.166 <0.001 0.016 <0.001 1 0.466 0.677 -0.743 -0.572 -0.114 -0.167

TOC 0.403 0.175 0.230 0.448 0.279 0.021 <0.001 <0.001 <0.001 <0.001 <0.001 0.015 <0.001 <0.001 1 0.937 -0.370 -0.346 0.528 0.490

Color 0.012 0.122 0.427 0.436 0.315 0.003 0.001 <0.001 <0.001 <0.001 <0.001 0.487 <0.001 <0.001 <0.001 1 -0.509 -0.468 0.420 0.368

pH 0.031 0.474 0.127 0.453 0.014 <0.001 0.289 <0.001 <0.001 <0.001 <0.001 <0.001 0.017 <0.001 <0.001 <0.001 1 0.856 -0.235 -0.221

chl-a <0.001 0.309 0.232 0.390 <0.001 <0.001 0.156 <0.001 <0.001 <0.001 <0.001 <0.001 0.133 <0.001 <0.001 <0.001 <0.001 1 -0.500 -0.483

Ice thickness <0.001 0.411 0.290 0.460 0.006 0.024 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.138 0.056 <0.001 <0.001 <0.001 <0.001 1 0.946

Snow depth <0.001 0.445 0.085 0.385 0.003 0.166 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003 0.010 <0.001 <0.001 0.001 <0.001 <0.001 1
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Table 11. Pearson correlations and p-values of roach between potential explanatory variables in multiple regression models. Pearson’s correlations coefficients are color-coded 
in grey and p-values in white. Significant p-values (p<0.05) are bolded. (Tot-P=total phosphorus, Tot-N=total nitrogen, TOC=Total carbon, chl-a=chlorophyll-a.). 
 

 
 

 

 

 

 

Date Length K Sex Sexual maturity GSI Secchi depth Temp 0-3 m Temp 3-20 m Compensation depth Oxygen 0-3 m Light 0-3 m Tot-P Tot-N TOC Color pH chl-a Ice thickness Snow depth 

Date 1 0.107 0.083 -0.136 -0.170 0.110 -0.506 -0.273 -0.176 -0.674 0.178 -0.395 -0.695 -0.388 -0.018 -0.162 -0.134 -0.410 0.591 0.732

Length 0.068 1 0.735 -0.308 0.560 0.528 -0.170 -0.212 -0.268 -0.230 0.267 -0.029 0.073 0.061 0.280 0.245 -0.090 -0.146 0.292 0.264

K 0.125 <0.001 1 -0.276 0.431 0.537 -0.039 -0.164 -0.188 -0.150 0.186 -0.085 0.037 0.032 0.139 0.138 -0.113 -0.141 0.237 0.203

sex 0.029 <0.001 <0.001 1 0.013 -0.398 0.109 0.095 0.104 0.132 -0.100 0.056 0.037 0.061 -0.099 -0.071 0.039 0.085 -0.200 -0.198

Sexual maturity 0.009 <0.001 <0.001 0.428 1 0.167 -0.143 0.196 0.073 0.037 -0.096 0.304 0.095 -0.056 0.103 0.056 0.244 0.288 -0.092 -0.105

GSI 0.063 <0.001 <0.001 <0.001 0.010 1 -0.013 -0.626 -0.575 -0.312 0.629 -0.371 0.233 0.432 0.394 0.474 -0.495 -0.552 0.345 0.320

Secchi depth <0.001 0.009 0.295 0.064 0.023 0.429 1 0.010 0.111 0.573 -0.119 -0.361 0.290 0.259 -0.512 -0.232 -0.040 -0.073 -0.376 -0.512

Temp 0-3 m <0.001 0.001 0.011 0.093 0.003 <0.001 0.446 1 0.921 0.502 -0.954 0.581 -0.258 -0.672 -0.567 -0.679 0.848 0.949 -0.563 -0.520

Temp 3-20 m 0.007 <0.001 0.004 0.074 0.154 <0.001 0.062 <0.001 1 0.598 -0.958 0.377 -0.431 -0.657 -0.764 -0.857 0.701 0.801 -0.632 -0.575

Compensation depth <0.001 0.001 0.018 0.033 0.306 <0.001 <0.001 <0.001 <0.001 1 -0.547 0.225 0.141 -0.070 -0.522 -0.445 0.277 0.445 -0.686 -0.845

Oxygen 0-3 m 0.006 <0.001 0.005 0.082 0.092 <0.001 0.048 <0.001 <0.001 <0.001 1 -0.404 0.418 0.686 0.742 0.823 -0.731 -0.829 0.604 0.541

Light 0-3 m <0.001 0.345 0.118 0.219 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 1 0.227 -0.154 0.156 -0.002 0.473 0.663 -0.329 -0.322

Tot-P <0.001 0.154 0.303 0.304 0.093 0.001 <0.001 <0.001 <0.001 0.025 <0.001 0.001 1 0.638 0.553 0.721 -0.153 -0.080 -0.078 -0.196

Tot-N <0.001 0.199 0.327 0.199 0.218 <0.001 <0.001 <0.001 <0.001 0.166 <0.001 0.016 <0.001 1 0.466 0.677 -0.743 -0.572 -0.114 -0.167

TOC 0.403 <0.001 0.026 0.083 0.077 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.015 <0.001 <0.001 1 0.937 -0.370 -0.346 0.528 0.490

Color 0.012 <0.001 0.027 0.161 0.217 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 0.487 <0.001 <0.001 <0.001 1 -0.509 -0.468 0.420 0.368

pH 0.031 0.107 0.058 0.294 <0.001 <0.001 0.289 <0.001 <0.001 <0.001 <0.001 <0.001 0.017 <0.001 <0.001 <0.001 1 0.856 -0.235 -0.221

chl-a <0.001 0.021 0.025 0.120 <0.001 <0.001 0.156 <0.001 <0.001 <0.001 <0.001 <0.001 0.133 <0.001 <0.001 <0.001 <0.001 1 -0.500 -0.483

Ice thickness <0.001 <0.001 <0.001 0.002 0.101 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.138 0.056 <0.001 <0.001 <0.001 <0.001 1 0.946

Snow depth <0.001 <0.001 0.002 0.003 0.072 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003 0.010 <0.001 <0.001 0.001 <0.001 <0.001 1
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In the stepwise multiple linear regression model, five variables were related to the annual vari-

ation of THg content in perch muscle tissue: total length, ice thickness, GSI, light 0-3 m, and 

condition factor (Table 12, Figure 5). These variables explained 72.8 % of the annual THg 

variation (Table 12). 
 

Table 12. Stepwise multiple linear regression model of factors selected using forward selection to explain annual 
variation in mean THg content of perch. The final selected model is bolded. 
 

 
 

The length was the most important factor explaining annual variation in THg content of perch 

(β=0.810), and light 0-3 m had the least amount of effect (β=0.108) (Table 13).  
 

Table 13. Coefficient table from stepwise multiple linear regression analysis of perch. 
 

 
 

The simple linear regression analyses of perch between mean THg content and selected factors 

from the multiple linear regression analysis displayed mainly positive relationships when tested 

separately, except for one factor. The regression line between THg content and length showed 

a strong positive relationship (Figure 5a). The regression line between THg and GSI and con-

dition factor showed a moderate positive relationship (Figure 5c, 5e). The regression line be-

tween THg content and ice thickness showed a weak positive relationship (Figure 5b), and the 

regression line between THg content and light 0-3m showed no relationship (Figure 5d). 

Model Adjusted R Square F Change df2 p-value
Length 0.671 396.015 193 <0.001

Length, Ice thickness 0.697 17.955 192 <0.001

Length, Ice thickness, GSI 0.712 10.808 191 0.001

Length, Ice thickness, GSI, Light 0-3 (m) 0.721 7.220 190 0.008

Length, Ice thickness, GSI, Light 0-3 (m), K 0.728 5.682 189 0.018

Coefficients table Standardized Coefficients P-value
Constant 0.332
Length (cm) 0.810 <0.001
Ice thickness (cm) 0.164 <0.001
GSI 0.229 <0.001
Light 0-3 (m) 0.108 0.009
Condition factor -0.169 0.018
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Figure 5. Linear regression with 95% confidence intervals showing only the selected variables from multiple linear 
regression analysis, between the mean THg content of perch and a) total length (cm), b) ice thickness (cm), c) GSI, 
d) light 0-3 m (µmol/s/m2) e) condition factor. 
 

In the stepwise multiple linear regression model, three variables affected the annual variation 

of THg content of roach: total length, sex, and total phosphorus (Table 14, Figure 6). These 

variables explained 52.8 % of the seasonal THg variation (Table 14).  

 
Table 14. Stepwise multiple linear regression model of factors selected using forward selection to explain annual 
variation in mean THg content of roach. The final and selected model is bolded. 
 

 
 

The length was the most important factor explaining annual variation in THg content of roach 

(β=0.749), and Tot-P had the least amount of effect (β=0.101) (Table 15).  
 
 
 
 

Model Adjusted R Square F Change df2 p-value
Length 0.498 193.754 193 <0.001
Length, sex 0.520 9.816 192 0.002
Length, sex, Tot-P 0.528 4.124 191 0.044
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Table 15. Coefficient table from stepwise multiple linear regression analysis of roach. 
 

 
 

With roach regression line between THg content and total length showed a moderate positive 

relationship (Figure 6a). The regression line between THg content and sex showed no relation-

ship (Figure 6b) and, the regression line between THg content and Tot-P showed a weak posi-

tive relationship (Figure 6c). 

 

 
 
Figure 6. Linear regression models with 95% confidence intervals showing only the selected variables from mul-
tiple linear regression analysis, between the mean THg content of roach and a) total length (cm), b) sex, c) Tot-P 
(μg/l). 
 

 

4 Discussion 
 

4.1 Main results 

 

There was significant seasonal variation in the length adjusted THg content of perch in Lake 

Pääjärvi, while roach showed no significant seasonal variation. There was a significant linear 

relationship between THg bioaccumulation and fish length in each sampling month with both 

fish species. THg bioaccumulation of both species was highest in spring and early summer 

around spawning and lowest in fall at the end of the growing season. Perch displayed steeper 

regression slopes than roach. Biological and environmental variables that explained the THg 

content of perch were total length, ice thickness, gonadosomatic index, light, and condition 

factor. Variables that explained the THg content of roach were length, sex, and Tot-P. 

Coefficients table Standardized Coefficients P-value
Constant <0.001
Length (cm) 0.749 <0.001
sex 0.157 0.003
Tot-P (µg/l) 0.101 0.044
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4.2 The seasonal variation of THg content  

 

There was a clear pattern of seasonal variation in length adjusted THg content in perch, but no 

clear pattern of seasonal variation in roach. Previous open-water season study concerning perch 

showed that Hg concentrations increase during spring and decrease during summer and fall 

(Braaten et al. 2014a), which were also observed in this study. According to pairwise compar-

isons, seasonal variation of perch was significant between March 2021 and warmer months in 

summer and fall in 2020: July, September, and October. However, spring 2020 did not show 

the expected significant increase in length adjusted THg content. However, THg content was 

higher in spring with both fish species, especially before spawning. It has been shown in previ-

ous studies with whitefish (Keva et al. 2017) and perch (Braaten et al. 2014a) that spawning 

increases THg concentrations in fish, which is caused by high energy investment into gonad 

development (Keva et al. 2017) that leads to additional starvation after winter starvation.  

 

Whitefish spawns in winter, and its recovery after spawning happens under ice cover in winter 

conditions, unlike spring spawners perch and roach that are faced with the growing period in 

the summer after spawning. Highlighting that species-specific spawning times affect the inten-

sity of THg content increase in fish during spawning as winter conditions also increase THg 

content in fish. The non-significant results in spring 2020 indicate that seasonal variation of 

THg content in perch could have been affected by the almost ice-free winter and early spring 

months in 2020, as it was a record warm year in Finland (Finnish Meteorological Institute 

2021). In winter and early spring 2020, the measured ice cover period in Lake Pääjärvi was c. 

30 days, whereas in winter and spring 2021, c. 100 days. Ice cover period was approximately 

three times longer in 2021 with higher ice thickness, and snow depth, and reduced light intensity 

compared to 2020. Therefore, characteristics of the winter might have had more effect on the 

THg content of perch than spawning due to more active feeding and better condition factor in 

March 2020 compared to March 2021. Further, it is possible that when winter conditions are 

colder and the starvation period in winter is prolonged, that may have a significant effect on 

seasonal variation of THg content in perch.  

  

The increase in length adjusted THg content of perch in late winter and early spring in 2021 

was most likely due to starvation. Perch (Mairesse et al. 2006) and roach store fat mainly in the 

perivisceral tissue, and it has been established that starvation in winter causes THg content to 

increase since lipid content of fish decreases, condensing Hg in the remaining tissues (Moreno 
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et al. 2015, Kahilainen et al. 2016, Keva et al. 2017). Starvation in winter is caused by changes 

in prey availability and lowered light conditions affecting the feeding activity of perch (Berg-

man 1988, Estlander et al. 2010, Moreno et al. 2015) and roach. The primary data in this study 

showed that light intensity in the surface water was lowest in winter 2021, supporting starvation 

as a cause for length adjusted THg content increasing in winter 2021 in perch.  

  

THg content in perch started to dilute in July, supporting the growth dilution theory as a cause 

for seasonal variation. Growth dilution refers to faster somatic growth during warmer months 

which decreases THg content in the muscle tissue of perch (Braaten et al. 2014a, Moreno et al. 

2015). Hg is primarily incorporated in the proteins, and barely any is found in the fat storage of 

fish (Amlund et al. 2007). Therefore, an increase in fat content during the growth period (Grif-

fiths and Kirkwood 1995) dilutes THg content in perch and roach. Roach did not exhibit sig-

nificant seasonal variation in length adjusted THg content (Barak and Mason 1990), but the 

lowest THg content was seen in September, similar to perch.  

  

It was hypothesized that perch would have higher annual variation in length adjusted THg con-

tent than roach, which was proven correct in this study. Higher annual variation was most likely 

due to perch feeding on a higher trophic level than roach as MeHg concentrations have been 

shown to be higher in species that feed on higher levels in the food chain (Kidd et al. 1995, 

Power et al. 2002). The stomach content of roach showed that it consumed nutrition at lower 

trophic levels than perch. Both species had lowered feeding activity during spawning: the per-

centage of observed empty stomachs in perch was the highest in May at 80 % and roach in June 

46.7 %, confirming starvation during spawning and consequently higher THg content. Roach 

also displayed a higher percentage of observed empty stomachs (>60 %) in winter, showing 

lowered feeding activity in colder months. Lowered feeding activity in winter saves the fat 

storage of roach, which might also contribute to roach having gentler seasonal variation than 

perch. 

 

4.3 The seasonal variation of THg bioaccumulation  

 

With both fish species THg bioaccumulation related significantly and linearly with fish length 

in each sampling month. Perch showed the highest slopes in early summer, diminishing towards 

fall, being lowest in late fall and again increasing towards spring. Showing a similar pattern as 

length adjusted THg content showed in this study. Roach showed the highest slopes in early 
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summer, diminishing towards fall, staying lowest in fall and early winter, and increasing to-

wards spring. Perch length-THg regression slopes were steeper compared to roach throughout 

the sampling period. 

  

THg bioaccumulation in perch showed the highest slopes in June 2020 and March 2021, and 

roach in June 2020 and January 2021. The results support the hypothesis that steeper regression 

slopes are seen in winter due to starvation (Keva et al. 2017). Perch spawned in late May, and 

it showed higher slopes in spring and early summer near spawning similarly to roach. Hence, 

spawning increased THg bioaccumulation in both fish species. Other factors that could have 

influenced higher bioaccumulation slopes in early summer are temperature dependent somatic 

growth (Müller and Meng 1986, Karås 1990) and the continued effects of starvation from the 

previous winter (Braaten et al. 2014a, Keva et al. 2017). It has been established that perch can 

only grow in length at temperatures above 10°C (Karås 1990), and roach at temperatures above 

13°C (Müller and Meng 1986). Water temperature in Lake Pääjärvi reached 10°C and 13°C in 

June (0-3m) and in July (3-20m). However, due to the high energy demanding spawning (Keva 

et al. 2017) and recovery after spawning in late spring (water temperature (0-3m) 6°C) and early 

summer (water temperature (0-3m) 19.5°C), growth dilution did not start before July. Perch 

exhibited evident growth dilution from July onwards, causing the THg bioaccumulation slopes 

to decline, while this trend was not as apparent with roach. Of the reasons explored here, spawn-

ing in late spring and summer and growth dilution beginning in July at Lake Pääjärvi appear to 

be essential variables explaining higher THg bioaccumulation slopes in spring and summer. 

Further, winter starvation most likely strengthened their effects. 

  

THg bioaccumulation in both fish species decreased from mid-summer 2020 to fall, although 

roach showed a more unclear decline. Perch showed the lowest bioaccumulation slopes in No-

vember and roach in December 2020, before the burning of somatic fat storages began. During 

fall, the lowest bioaccumulation slopes showed that faster somatic growth during warmer 

months decreased THg bioaccumulation in perch and roach (Braaten et al. 2014a, Moreno et 

al. 2015, Keva et al. 2017) until the end of the growing season. Consequently, the shallowest 

slopes were not seen in summer as was hypothesized since the growing season started later than 

expected. Braaten et al. (2014a) found similar results regarding the seasonal variation of THg 

concentrations in perch. Another contributing factor that might explain lower bioaccumulation 

slopes in fall is increased fat content of perch and roach obtained in summer due to better food 
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availability (Griffiths and Kirkwood 1995). Increased fat content, together with temperature 

exhibiting growth, may explain the gentler slopes seen in fall. 

  

Perch had steeper regression slopes compared to roach showing more substantial seasonal var-

iation in THg bioaccumulation. It was hypothesized that perch would have higher THg bioac-

cumulation slopes than roach, which was proven correct in this study. Higher slopes might be 

due to perch shifting to piscivory (Amundsen et al. 2003) along with increasing size, consuming 

a diet generally higher in Hg than roach when perch are large enough. Also, the higher fat 

content of roach and its minimal winter activity save its fat storage since energy is not used for 

swimming and foraging.  

 

 4.4 Factors explaining the seasonal variation of THg content  

 

The multiple linear regression model explained a substantial proportion of seasonal variation 

of THg content (perch 72.8 %, roach 52.8 %). Both fish species positively related with length, 

and it was the most important explanatory variable in both models as was hypothesized (Ward 

and Neumann 1999, Braaten et al. 2014a, Moreno et al. 2015, Kahilainen et al. 2016). The 

length was the only standard variable in the models of both species. Perch showed more sea-

sonal related environmental variables in the model like ice thickness and surface light, whereas 

the only environment associated variable in the model of roach was total phosphorus. In this 

study, factors describing seasonal variation examined to a lesser degree were total phosphorus, 

ice thickness, and surface light intensity. 

  

THg content was positively related to ice thickness in perch, which likely demonstrates de-

creased light conditions under ice (Shuter et al. 2012), affecting the foraging efficiency of perch 

negatively (Bergman 1988, Estlander et al. 2010), causing starvation and consequently increas-

ing THg content in fish. Ice cover is also related to lower water temperature, which stops perch 

from growing, causes starvation, decreases its weight, and causes lipid content to decrease 

(Griffiths and Kirkwood 1995), jointly increasing the THg content of muscle.  

  

Condition factor was negatively related to THg content (Cizdziel et al. 2002, Swanson & Kidd 

2010), which supports both driving forces affecting the seasonal variation of THg content. Star-

vation in winter when condition factor is lowest and growth dilution in summer when condition 

factor is highest (Keva et al. 2017). Condition factor can also reflect spawning when gonads are 
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removed from the fish body since gonads have low concentrations of THg, making Hg condense 

in fish muscle (Keva et al. 2017).  

  

THg content was positively related to GSI in perch, which indicates that more mature fish have 

higher THg content (Son et al. 2014). The model suggests that THg increases until spawning 

when GSI is the highest and declines after spawning when GSI is the lowest. However, in Lake 

Pääjärvi, the THg content of perch did not start to decline immediately after spawning. Instead, 

after perch had spawned in late May, THg content stayed approximately the same level in June 

as during spawning. THg content started to decline in July when water temperatures were warm 

enough for somatic growth and, therefore, growth dilution to take place. Indicating that THg 

content will remain elevated after spawning since it takes time for perch to recover from the 

energy cost of spawning and for water temperatures to rise. Otherwise, GSI is a good variable 

explaining sexual maturity's effects on THg content in perch.   

  

THg content was positively related to sex in roach. The linear regression analysis showed that 

females had slightly higher THg content in Lake Pääjärvi, but there was no significant linear 

relationship. Fish species that display sexual dimorphism, with females being larger than males, 

often have higher THg concentrations (Braaten et al. 2014a). Therefore, sexual dimorphism 

might explain why sex was selected in the model, considering female roach can be 26% larger 

than males (Žák et al. 2020). Male roach consumes more zooplankton in their diet than females 

that consume more detritus (Žák et al. 2020), showing that males feed on a diet higher in Hg. 

Regardless, males grow slower than females, which increases their predation risk and the risk 

of dying at a younger age (Žák et al. 2020). Therefore, it possibly contributes to slightly higher 

THg content in females since female fish may be older. Also, more females were sampled in 

this study, possibly influencing why sex was selected in the model.  

  

In roach, THg content was positively related to total phosphorus concentrations of Lake 

Pääjärvi. There was some seasonal variation in total phosphorus concentrations in Lake 

Pääjärvi, showing lower concentrations in late summer to late fall and higher concentrations in 

spring to early summer and in winter showing a similar pattern as THg bioaccumulation showed 

with roach. Therefore, total phosphorus might contribute to seasonal variation in THg bioaccu-

mulation of roach, but it did not affect THg content. Regardless, the connection between THg 

in muscle tissue and total phosphorus in the lake remains unclear. 
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4.5 Monitoring practices and human health consideration  

 

Humans are exposed to mercury including MeHg mainly from fish and seafood (Bank 2012). 

High doses of MeHg are especially harmful to children. Prenatal exposure to high doses of 

MeHg can have severe adverse effects on children causing varying degrees of neurologic dam-

age (Harada 2008). Lower levels of MeHg exposure can contribute to worse neurological status 

and cause newborns, infants, and children to be underdeveloped (Mergler et al. 2007). There-

fore, regulations concerning Hg in fish and appropriate monitoring practices are crucial to con-

firm food safety for human consumption. The maximum accepted level set by the European 

Commission of Hg in fish regarding human consumption is 0.5 μg g−1 wet mass (Regulation 

1881/2006/EU), which correspond to 2.5 μg g−1 dry mass (Ahonen et al. 2018). Both fish spe-

cies in this study had THg content below the maximum acceptable level for human consump-

tion. Regardless, perch showed evident seasonal variation in both THg content and bioaccumu-

lation. Since perch is a popular food fish in northern Europe (Garner et al. 2016), and a moni-

toring species in Finland (Kangas 2018), monitoring programs should consider seasonal varia-

tion to prevent the possibility of higher THg concentrations from being consumed by humans. 

Therefore, in monitoring programs, sampling times should be calibrated close to the extremes 

of THg content and bioaccumulation to verify the actual maximum and minimum levels of Hg. 

In this study, perch showed differences in THg bioaccumulation based on fish length. There-

fore, it could also be beneficial to sample a variety of fish sizes instead of limiting monitoring 

size to a medium length of 15-20 cm (Kangas 2018). Since roach is of lower interest for fisheries 

(Bergström et al. 2016), it poses a lower threat to human health. In this study, roach had shallow 

THg content, and seasonal variation was only found in THg bioaccumulation, making it a rela-

tively safe fish for human consumption. 

 

5 Conclusions 
 

This study displayed evident seasonal variation in length adjusted THg content and bioaccumu-

lation slopes of perch. Roach displayed seasonal variation only in bioaccumulation slopes. THg 

content of perch was higher than the THg content of roach, and both fish species in this study 

had THg content below the maximum acceptable level for human consumption. Perch showed 

the highest THg content in winter and spring and the lowest in fall. Although, THg content in 

spring was not significant, which was most likely affected by the almost ice-free winter and 

early spring months in 2020. THg bioaccumulation slopes of both species were the highest from 
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winter to early summer and the lowest in fall when season related growth stopped. The results 

confirmed that starvation and growth dilution were vital factors driving seasonal variation of 

THg content in perch and changes in bioaccumulation slopes of both species. This study dis-

played that spawning elevated THg content of perch and bioaccumulation slopes of both spe-

cies. The seasonal changes in total length, gonadosomatic index, condition factor, and ice thick-

ness supported starvation, growth dilution, and spawning as main causes for seasonal variation 

of THg. Total length was the most important variable explaining the THg content of both fish 

species. 

 

This study provided new information about the effect of spawning on the THg bioaccumulation. 

It showed that the timing of the spawning determined when THg increased in the muscle tissue 

of fish, highlighting the importance of considering species-specific spawning times in a given 

environment in future studies. This study also provided new information about the seasonal 

variation of THg bioaccumulation of roach and the biological and seasonal factors explaining 

variation in THg content of roach. The results also provided new information on the effect of 

ice thickness on the THg content of perch, as more substantial seasonal variation was seen when 

the ice cover period was longer. Since seasonal variation was evident in this study, it highlights 

the importance of considering seasonal variation in future mercury monitoring practices and 

studies. More studies are needed about the effects of seasonal variation of mercury on roach 

since very few studies have focused on it. 
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