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Abstract

There are contradicting results on the importance of legacy mercury (HgQ)
contaminated sediments to Hg fish tissue concentrations. Still, sediment remediation
actions often aim at minimizing ecosystem exposure and human risk caused by the
consumption of fish and seafood. The aim of this study was to investigate the possible
influence of a permanently submerged meadow on the availability and transfer of Hg
from sediment to biota, three decades after the Hg discharges was halted and the
previous biota survey was carried out, in the severely contaminated brackish fjord
Gunneklevfjorden in southern Norway. We examined total Hg (Tot-Hg) and methyl-
Hg (MeHg) concentrations and stable isotopes of nitrogen (N) and carbon (C) in
zooplankton, benthic invertebrates, and fish to map the food web and to investigate
the trophic transfer of Hg. Sediment and water data were available from a previous

study. Overlap in 6*3C in benthos and fish reveals that benthos is a preferred prey to



fish, though despite elevated Tot-Hg concentrations in benthos, fish predator (perch,
pike and eel) Hg concentrations are comparable to concentrations reported in nearby
lakes without contaminated sediments (mean 1.6 + 1.3 mg Tot-Hg kg™ dw). We
propose that habitat reliance is an important factor controlling the uptake of Hg from
sediments, as both benthos and fish prefer to forage within the meadow where
sediment concentrations of Tot-Hg are lower than outside the macrophyte meadow,
though %MeHg is higher than outside. Further, we propose that sediment remediation
actions performed outside the meadow may have limited effect on the Hg

concentrations in fish.
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1 Introduction

Mercury (Hg) contaminated sediments are typically found in rivers and estuaries
influenced by historic industrial discharges, and are believed to be a source to uptake
of Hg into aquatic food webs (Driscoll et al., 2013). Exposure of Hg to aquatic food
webs is thought to be strongly influenced by the production of bioavailable and
bioaccumulating organic methyl mercury (MeHg) often constitute 95 - 99 % of total
Hg (Tot-Hg) in fish (Wiener and Spry, 1996), though inorganic Hg (IHg) is often a
significant part of total Hg (Tot-Hg) at lower trophic levels. It is commonly
acknowledged that microbial production of MeHg from IHg is stimulated within
freshwater wetlands, estuarine and coastal marine environments (AMAP, 2011,
Compeau and Bartha, 1985, Donaldson et al., 2010, Hollweg et al., 2009, King et al.,

2000, Lehnherr et al., 2011, Lehnherr, 2014), and contaminated sediment in these
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environments has been shown to represent a pool of IHg available for MeHg
production (Merritt and Amirbahman, 2009, Jaglal, 2011). Further, MeHg production
has been shown to primarily occur in the surface, or oxic-anoxic interface of
sediments (Skyllberg et al., 2007, Kim et al., 2008), potentially exposing sediment
dwelling organisms to pockets of MeHg. Given that benthic secondary production
plays a central role in supporting higher aquatic trophic level production (Vander
Zanden and Vadeboncoeur, 2002), uptake of MeHg in benthos may be an important
entrance of Hg into the aquatic food webs. However, there are contradicting results on
the importance of legacy Hg contaminated sediments to Hg fish tissue concentrations
(Hodson et al., 2014, Lehnherr et al., 2011), reflecting the complexity of factors
controlling methylation, exposure, uptake and bioaccumulation of Hg. Studies have
demonstrated similar Hg concentrations in fish from highly contaminated waters and
waters without direct industrial discharges (Schaefer et al., 2004). This may be
explained by limited MeHg accumulation in Hg contaminated surface waters (Bloom,
1992, Watras and Bloom, 1992), which has been suggested to be due to enhanced
reductive demethylation of MeHg by Hg-resistant bacteria at high Hg concentrations
(Schaefer et al., 2004). However, the direct uptake of MeHg into biota from sediment
may be influenced by other mechanisms controlling the availability of MeHg in
sediments. Recently, attention has been drawn towards effects of bioturbation as well
as the impact from submerged macrophytes on Hg methylation in sediments,
revealing higher %MeHg within vegetated habitats (Regier et al., 2012, Bravo et al.,
2014, Cosio et al., 2014, Olsen et al., 2018). As sediment remediation actions often
aim for minimizing ecosystem exposure and human risk caused by the consumption

of Hg contaminated fish and seafood, enhanced knowledge of the spatial factors



influencing exposure and uptake of Hg is crucial to target measures that may resolve
issues of high Hg concentrations in fish.

The aim of this study was to investigate the possible influence of a permanently
submerged meadow on the transfer of Hg from sediment to biota, in the severely
contaminated brackish fjord Gunneklevfjorden in southern Norway. Biota Hg
concentrations has not been reported since 1989 (Berge and Knutzen, 1989).
Sediment Hg concentrations in the fjord is high due to substantial industrial Hg
discharges during 1947-1987, though the Tot-Hg concentrations are lower within the
submerged meadow than in non-vegetated areas (Olsen et al., 2018). We hypothesize
that habitat reliance (within and outside the meadow) is an important factor
controlling uptake of Hg into aquatic food webs. To test our hypotheses, we examined
the food web by analyses of stable isotope of nitrogen (N) and carbon (C) in
zooplankton, benthic invertebrates, and fish, and we analyzed Hg concentrations in
biota within and outside the meadow. 5N values are commonly used to estimate
trophic levels (TL) in aquatic food webs (Cabana and Rasmussen, 1996), whereas
5C values are used to distinguish between pelagic and littoral derived organic
carbon in the diet of aquatic consumers (France, 1995). Water data was available from
Olsen et al. (2016), and sediment data and pore water was available through a recently

published paper by Olsen et al. (2018).

2 Materials and methods

2.1 Study area
Our study site, Gunneklevfjorden, is a 0.7 km?, shallow (max depth: 11 m), brackish
fjord, located in southern Norway (Figure 1). The fjord connects to the urban

impacted river Skienselva in the north and to the industrialized and also severely



contaminated fjord Frierfjorden, in the south. The fjord is strongly influenced by the
river and the tidal influence is weak, though the surface water salinity varies between
1-5 PSU and bottom waters may reach 20 PSU (Molvear, 1979, Molver, 1989).
Salinity during our study period (August 2013) was observed to be 1.1-2.5 PSU in
surface waters and 2.7-3.5 PSU in bottom waters. The permanently submerged
meadow covers 10% of the fjord area (70 000 m?) down to approximately 3 m depth
and is dominated by the vascular plant curly-leaf pondweed (Potamogeton crispus),
whereas the rest of the fjord consists of very soft non-vegetated sediments (Olsen et
al., 2016). Between 1947 and 1987, approximately 80 tonnes of Hg was released from
a chlor-alkali plant situated at the nearby industrial site Hergya (Skei, 1989). The
entire fjord system outside of Gunneklevfjorden (approximately 70 km?) is influenced
by various industrial activities at Hergya, though Gunneklevfjorden has been the main
recipient for Hg discharges. The discharges are evident through high Tot-Hg and
MeHg concentrations (492 mg kg™ and 269 pg kg™?, respectively) in intermediate
sediment depths (10-20 cm), whereas natural recovery has resulted in reduced surface
concentrations (0-5 cm) of 1.9-5.5 mg Tot-Hg kg™ and 1.3-3.2 pg MeHg kg™ (Olsen
et al., 2018) with the lowest concentrations found within the meadow (Table SI-A).
Water Hg concentrations are generally low (Table SI-A) and sediment is recognized
as the primary Hg source to the water column, as the concentration of Hg in the
influencing river water is lower than in the Gunneklevfjorden (Olsen et al., 2015).
The Norwegian Environment Agency has prioritized Gunneklevfjorden as well as the
adjacent Frierfjorden for sediment remediation measures (www.miljodirektoratet.no).
Uptake of Hg in biota in the fjord was first reported in algae (Cladophora sp.) in 1975
(Rygg, 1979). Later, Berge and Knutzen (1989) revealed Hg concentrations in fish

muscle tissue up to 1.55 mg kg™ ww in eel, Anguilla anguilla, and reported mean Hg



concentrations for eel 0.92 mg kg™ ww (n=20); perch (Perca fluviatilis) 1.34 mg kg™
ww (n=9); pike (Esox lucius) 1.26 mg kg'1 ww (n=1) and flounder (Platichthys flesus)
0.55 mg kg™ ww (n=11). Dietary restrictions and prohibition of fishing has been
implemented by the Norwegian Food Safety Authority since the 1960s. No further
studies or monitoring of Hg in biota have been conducted during the natural recovery

period, i.e. from 1987 to present.
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Figure 1. Gunneklevfjorden, Norway. The previous discharge point at Hergya is marked with
a white circle. Benthos were collected at multiple sampling sites within the submerged
meadow and at three sampling sites outside the meadow. Fish were mainly caught within or

close to the meadow. Zooplankton were collected by net hauling across the entire fjord.



2.2 Sampling

2.2.1 Zooplankton

Zooplankton was collected by seine nets (mesh size: 45 um) in August 2013, by two
vertical net hauls from just above the sea bed (5 m depth) to the surface at a central
point in the fjord, and two surface horizontal hauls (1-2 m). The four samples were
kept cool (~4°C) in 2 L plastic bottles. Within 24 hours, each sample was filtered
again through a 45 um seine net into a small glass bottle and fixed with Lugol’s
solution (13K solution). Zooplankton in each of the four samples were then identified
in a microscope to the lowest appropriate taxonomic level, and the approximate
proportion (by number) of each taxonomic group was estimated (Table SI-B). The
four zooplankton samples were then stored frozen (~ -18°C) and thereafter freeze
dried prior to homogenization and analysis of Tot-Hg and stable isotopes (C and N).
2.2.2 Benthic invertebrates

Benthic organisms were collected within and outside the meadow in August 2013
(Figure 1) by use of Ekman grab, invertebrate traps, and by “washing” of
approximately 500 mL submerged macrophytes (displacement volume). The traps
consisted of three chained bundles of hemp rope left for 72 hours on the sea bottom.
Previous studies have revealed that these traps act as artificial substrate, attracting an
intermediate size fraction of benthic organisms commonly associated with underwater
vegetation (Kraufvelin et al., 2002). All macrophyte samples and ropes were well
washed in a bucket of local water before water was sieved through a 0.5 mm sieve.
Samples from within and outside the meadow were kept separate. Our observations
regardless of sampling technique, were that benthic organisms were 10 - to - 100 -fold
more abundant in samples collected within the meadow compared to outside. All

benthic organisms were kept alive in site water and stored cold (~ 4°C) for maximum



24 hrs before identified to lowest possible taxonomic levels in a microscope and then
distributed into 10 samples representing six different taxonomic groups, keeping
samples from within and outside the meadow separate (Table SI-C). All six
taxonomic groups were present inside the meadow and three groups were present
outside the meadow. Amphipods from outside the meadow were distributed into two
samples. Amphipod individuals dominated by numbers followed by molluscs (mainly
gastropods) and chironomids. Other mosquito larvae were grouped together in one
sample. Only soft parts of molluscs (gastropods) were kept for chemical analysis. All
10 samples were frozen (~18°C) and freeze dried (composite sample weight ranged
0.002 - 0.8 g dw) prior to analysis of Hg and stable isotopes of C and N.

2.2.3 Fish

A total of 548 fish from five species (Table SI-D) were collected by gillnets, fish
traps and beach seine at several sites within and nearby the meadow at two occasions
in August 2013 (Figure 1). The fish was not assigned a sampling site (within or
outside the meadow), due to their mobility. Perch predominated in the catch (n =
523), and a random selection of approximately 20 perch within five length intervals
were incorporated in further analyses (n=111) together with the rest of the fish (n=25;
Table SI-D). All fish (n=136) were transported to the laboratory and stored cool (~ 4
°C), and processed within 48 hours. Standard length and weight of all individuals
were measured, before sampling of dorsal muscle tissue. The tissue samples were
frozen (~ -18 °C) and thereafter freeze dried prior to analysis of Tot-Hg and stable
isotopes of C and N of all samples. All samples were weighed before and after freeze
drying to determine dry matter content. A random selection of six samples were

analyzed for MeHg. Age determination was conducted on burnt and transversally



sectioned otoliths under a light microscope. In most individuals, also operculum was

sampled as a supplementary support for age determination.
2.3 Chemical analyses

2.3.1 Mercury analyses in biota

All freeze dried biota samples were analyzed in triplicates for Tot-Hg by thermal
decomposition and subsequent direct atomic absorption spectrophotometry (Lumex
Mercury Analyzer RA915). Quality control samples included reference material
(DORM-3; fish protein) for every 10" analysis and sample triplicates (20 mg dw).
Relative standard deviation (RSD) of sample and reference material triplicates was
always <10 % and recovered amount of reference material always 90 % — 110 %.
MeHg was determined in only one mixed sample of benthos (molluscs) and in five
randomly selected fishes (Table 3), due to insufficient mass of other benthic
taxonomic groups as well as zooplankton. Prior to MeHg analyses, the freeze dried
material was dissolved in nitric acid (HNOs, 30 %, 1-10 mL depending on available
sample) under heating (16 hours, 65 °C), following method described in Braaten et al.
(2014), before chemical analysis was carried out following USEPA Method 1630
(USEPA, 1998). The analysis of MeHg is based on ethylation, purge and trap, and
quantification by cold vapor atomic fluorescence spectrophotometer (CVAFS).
Quality assurance/quality control samples included method blanks (n=4); sample
duplicates (n=3); matrix spikes (n=3); and certified reference material (n=2). The
certified MeHg concentrations of the reference materials used were 0.355 + 0.056
mg/kg for DORM-3 (fish protein; National Research Council of Canada). Samples
that were analyzed in duplicate were also used for matrix spike. Samples chosen for

matrix spiking were added 10 000 pg MeHg (as MeHgOH, 1.0 mL of 10.0 ng/mL).



For each analyzing batch, quality control is performed, included blank samples, blank
spiked samples, sample duplicates and matrix spiked samples. The RSD of the sample
duplicates was always <20% for MeHg. The amount found in blank and matrix spiked
samples was 80 % — 120 %. Wet weight (ww) concentrations of Tot-Hg and MeHg in
fish were calculated from the sample specific dry matter content (average of all fish
samples 20.5%).

2.3.2 Bioconcentration factor

Bioconcentration factor (BCF) is the ratio between concentration in biota and in the
environment. BCF for Tot-Hg and MeHg was calculated for the lower trophic levels:
i.e. for zooplankton relative to water concentration, and for benthos (only molluscs)
relative to pore water as well as to water concentration (Table SI-E), to investigate
the uptake of Hg into biota.

2.3.3 Stable isotopes analyses and calculation of biomagnification factor

All organisms analyzed for Tot-Hg were also analyzed for the stable isotopes **N,
N, *2C and **C at the Norwegian Institute for Energy Technology, to calculate 5N
and 6*°C. In aquatic food chains, 6N is observed to increase by approximately 3.4
%o per TL (Post, 2002). Hence, TL was calculated according to the following
equation:

TL = (6" Neonsumer = O~ Nbaseling)/3.4 + TLbaseline (Eq. 1)
Normally, primary consumers are used for baseline corrections because their larger
body size and greater longevity result in less seasonality in the 5N signatures than
primary producers and, thus, level out much of the large temporal variations typically
present in short living primary producers such as algae (Cabana and Rasmussen,
1996). Common primary consumers typically used for baseline correction of pelagic

food webs are shallow zooplankton and mussels, while molluscs such as gastropods,
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amphipods and trichopterans are often used for baseline corrections in littoral food
webs. Chironomids and deep zooplankton are often used in profundal food webs
(Vander Zanden and Rasmussen, 1999). We used the lowest 5°N value for molluscs
as baseline (5.74 %o) for the littoral food web (benthos and fish), whereas for the

pelagic (zooplankton) we used the lowest zooplankton 6*°N value (2.97).

The Trophic Magnification Slope (TMS) is routinely used as an indicator of
biomagnifying potential of Hg in food webs (Lavoie et al., 2013), expressed as the
slope (b) of the linear relationship between Hg concentration and §*°N within a food
web:

Logio[Hg] = a + b(5*°N) (Eq. 2)
A significant and positive slope indicates biomagnification up the food web.
Accordingly, the Trophic Magnification Factor (TMF) can be estimated by the
following equation:

TMF = 1034 (Eq. 3)

where b is the slope in Eq 2., while 3.4 is the empirically increase in 6N (in %o) per
trophic level (Post (2002). Thus, TMF estimates the average increase per trophic
level.
2.4 Data analyses
In the statistical models, Hg concentrations were log-transformed to improve
normality and avoid heteroscadicity and influence of outliers. A cluster analysis was
performed on the data to identify different functional groups in the food web. We
used a hierarchical clustering procedure (Ward’s minimum variance) in the statistical
program JMP (SAS Institute) on data on Tot-Hg (log-transformed), 5N and &-C.
ANOVA was used to recognize differences between groups (zooplankton, benthos

11



and fish), between taxonomic groups or species, and within and outside the meadow,
followed by pairwise comparison using t-tests with pooled SD to identify which
groups or species differed significantly from others (post hoc tests). Pearson’s
correlation coefficients was used to identify potential predictors for Hg
concentrations.

To reveal the extent of biomagnification of Tot-Hg in the food web, we made a
statistical model (ANCOVA) explaining Tot-Hg (log-transformed) in the different
functional groups (zooplankton, benthos and fish) as a function of individual trophic
levels (6°N). Further, we tested the different functional groups for differences in
regression slopes by introducing an interaction effects between 6°N and the group
factor. The n was low for all taxonomic groups and fish species except perch and
perch was the only species with enough individuals to investigate bioaccumulation
within one single species as well as possible biomagnification of Hg by the
development of a linear regression model (GLM). The R (SIAR) approach for
prediction of proportions of food sources to consumers was considered. However, the
sample size of benthos and zooplankton was found to be too small for this analyses to

be relevant. Further, supporting data from stomach analyses was not available.

3 Results

Results from chemical analysis of stable isotopes of C and N, and Tot-Hg and MeHg
in biota and calculation of BCF for zooplankton and benthos, is presented as
Supplementary Information; Table SI-E.

3.1 Food web structure

A three-group pattern with zooplankton, benthos and fish as functional groups was

confirmed by a hierarchical clustering with average linkage and a two-way clustering
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based on the variables Tot-Hg, 6*C and 8N (Figure SI-A). Zooplankton and
benthos represents lower trophic levels, benthos and fish overlap in intermediate
trophic levels, and fish represents the top predators at the highest trophic levels
(Figure 2). The 6N and 6"C pattern indicates that benthic invertebrates comprise a
larger portion of fish diets in Gunneklevfjorden than zooplankton. With the exception
of young perch, none of the fish species is typically planktonic feeders are rather
strongly linked to vegetation areas, with a possible exception to flounder. They are all
carnivorous or omnivorous with potentially overlapping diets (Pethon, 1989). There
are no significant differences in 6N between the benthic groups (p = 0.84) nor
between the fish species (p = 0.65). Differences between within and outside the

meadow is presented in 3.2.3.
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Figure 2. Bivariate scatterplots of log Tot-Hg, 5°N and 6"*C (with 90% confidence ellipses)
including the three functional groups zooplankton, benthos and fish in Gunneklevfjorden
identified in by a hierarchical clustering (Figure SI-A). Trombidiformes is not included in the
plot due to lack of Hg analysis and Helopdella is not included due to carnivore dietary

preferences.

The weak dietary link between zooplankton and fish is supported by the significant
difference in 5°C (p < 2e™®); Zooplankton has a very depleted and typical pelagic
5C-signature, while fish and benthos reveals relatively equal and less depleted, more
littoral &™C-signatures (Figure 2). Further statistical testing (ANOVA) excluded
other benthic groups than the three numerously dominating amphipods, molluscs and
chironomids that we found both within and outside the meadow, and reveals
significantly different 5°C -signatures (p = 0.03) with a less depleted and thus more
littoral 5™C-signature in molluscs than in the two other groups (Figure 3). There is

no significant correlation between 6*C and 6*°N in benthos.
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Figure 3. 5**C-signatures in benthos (left) and fish (right) from Gunneklevfjorden in 2013.
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There is no significant difference in 6*3C-signatures between the fish species (p =
0.37: Figure 3), and all species has a depleted 5*3C-signatures that reflects that of
chironomids and amphipods (5*3C < -20) more than molluscs (5*3C > -20). In the
most numerous species perch (n = 111), there is a positive correlation (Pearson’s) for
5N with 6*C (r = 0.35, p = 0.0001), age (r = 0.43, p < 0.0001) and length (r = 0.43,
p < 0.0001), supporting a gradual ontogentic dietary shift (Persson, 1986) towards a
more littoral based diet as the fish grow older and reach higher trophic levels. There is
no significant correlation between 5C and 6N for pike (n = 17, r= 0.46, p=0.06)
and eel (n=5, r=0.27, p=0.65).

3.2 Hgin biota

3.2.1 Exposure and uptake of Hg

The concentration of Tot-Hg in the three functional groups overlapped (Figure 2),
ranging 0.2 — 13.9 mg Tot-Hg kg™ dw with the lowest concentration found in one
perch and the highest in a mixed sample of chironomids (Table SI-E). Mean
concentrations for all fish were 1.6+1.3 mg Tot-Hg kg™ dw (calculated to 0.3+0.3 mg
Hg kg™ ww), that is below the mean values reported in 1989, see chapter 2.1 (Berge
and Knutzen, 1989). The % MeHg is low in benthos (2.3 % MeHg) compared to fish
(64 — 83 % MeHg), revealing that high concentrations of Tot-Hg in benthos most
likely are caused by IHg or Hg-complexes other than MeHg. MeHg was not measured
in zooplankton. The Tot-Hg concentrations in benthos do not correlate significantly
with 6*°C, and there is no significant difference in 5**C in benthos within and outside
the meadow, thus the differences in diet do not seem to explain different Tot-Hg

concentrations. However, a significant positive correlation between §C and Tot-Hg
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(log-transformed) in fish (n = 136, r = 0.2, p = 0.02), indicated higher concentrations
of Tot-Hg in fish with less depleted (more littoral) 5*C-signature.

The exposure and uptake of Tot-Hg as indicated by the calculated BCFot.1g is higher
in zooplankton (BCFrot.Hg = 454 000) than in benthos (BCFrot.ng = 3 000), based on
water concentrations for zooplankton and pore water concentration for molluscs
(Table SI-E). However, when we base the calculation of BCFre.g for molluscs on
bottom water concentrations (5 m depth) that might be a more relevant exposure
pathway than pore water for gastropods, we get a BCFrorg Of 412 000 which is
almost similar to zooplankton. For MeHg the calculated BCFyeng for molluscs is
larger when based on pore water (BCFyeng = 10 300 000) than on bottom water
(BCFwmeng = 3 512 000), indicating that MeHg may be more available for uptake from
pore water than from bottom water.

3.2.2 Biomagnification and trophic transfer of Hg

Biomagnification explored by an ANCOVA model of Tot-Hg in the three functional
groups shows the interaction term (5°N x group) to be statistically insignificant,
indicating parallel slopes between Tot-Hg and 5™N for the three groups (Figure 4). A
post hoc test (contrasts) could not prove any statistical difference between the
adjusted means of Tot-Hg for zooplankton and benthos (p = 0.49) whereas the
adjusted mean for fish was significantly lower compared to these (p = 0.001). This
supports previous findings of a decoupling in the biomagnification of Tot-Hg between
the groups (fish vs. benthos and zooplankton), that reflects the significant larger

fraction of IHg in benthos and zooplankton and low trophic transfer to fish.
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Figure 4. Relationship between Tot-Hg (ug kg™ dw) and 5™N in zooplankton, benthos and
fish in Gunneklevfjord. The curves and their 95 % confidence intervals are based on an
analysis of covariance model giving identical regression coefficients (parallel regression

lines on a semi-log scale).

Overall trophic transfer of Tot-Hg in the food web was explored by calculating TMS
and TMF for Tot-Hg in fish following eq. 2 and eq. 3. Invertebrates were excluded to
avoid bias due to the high proportion of IHg concentrations in benthos (Table SI-E).
All fish were included in the calculation which allowed for measures of §°N ranging
approximately 3 trophic levels according to eg.l, thus in compliance with
recommendations in estimates of contaminant biomagnification (Borga et al., 2012):
TMS: 0.106 (d.f.=135, p=1.06e*?)
TMF: 2.3
In addition, TMS = 0.09 (d.f. =109, p < 0.001) and TMF = 2.1 was calculated for

perch solely, for direct comparison with the TMF = 4.6 reported from studies of perch
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in nearby lakes not influenced by direct industrial discharges (dkelsrud et al., 2016).
The relatively low TMF in Gunneklevfjorden explains why Tot-Hg concentrations in
fish doesn’t reach higher than 9.9 mg kg™ dw (2.5 mg kg™ ww, Table SI-E) despite
the severely contaminated sediments.

3.2.3 Habitat reliance influencing bioaccumulation of Hg in benthos

Investigation of bioaccumulation in benthos by an ANOVA based on a pooled dataset
of the three most numerous benthic groups (amphipods, molluscs and chironomids)
(Figure 5), revealed that trophic levels (5°N) explained 72% (multiple R?=0.72, p =
0.015) of the variance of Tot-Hg. Further, there was a significant difference (p = 0.05)
in 6N between benthos collected within and outside the meadow. This may reflect
that benthos (amphipods) on high trophic levels are more mobile and less stationary
within the meadow. Influence of habitat reliance on exposure and uptake of Tot-Hg in
benthos is indicated by significant lower values of Log Tot-Hg (p = 0.01) within the

meadow (Figure 5) where sediment Tot-Hg concentrations are lower than outside.
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Figure 5. Pooled data on 6N and Tot-Hg (ug kg™ dw)within (dark dots @) and outside
(open dots O) the meadow. Down left: linear model for 6N and Tot-Hg (p=0.015). One
sample with very high Tot-Hg concentration (14 000 pg kg™ dw) is not included in the figure
due to graphical scale issues. Benthos groups are denoted. Top left: 5°N. Down right: Tot-

Hg (ug kg™ dw). The differences between within and outside the meadow were significant on

a 95% level.

3.2.4 Bioaccumulation and trophic transfer of Hg based on perch only

Results indicate a moderate to strong positive correlation (Pearson’s, p < 0.001) for
concentrations of Tot-Hg in perch (ug kg™ dw) with 5N (r = 0.42), age (r = 0.76),
weight (r = 0.84,) and length (r = 0.76), and a somewhat weaker correlation with
5C (r =0.19, p = 0.037) A GLM for concentrations of Tot-Hg [C1] in perch solely

based on 6N, 5*C and an interaction between age and length as predictors seems to
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give the best fit to the dataset, explaining 76 % of the variance (R*= 0.76, d.f. = 105, p
<< 0.001). However, a more simplified model for LogTot-Hg [C,], with 6N and
length as predictors explains 63 % of the variance in the perch dataset (R*=0.63, d.f. =
108, p << 0.001):

[C.]=a+Db1(5°N)+b,(Length)

This simple model for Tot-Hg in perch supports bioaccumulation as well as trophic

transfer and biomagnification of Hg.

4 Discussion

4.1 Food web structure

Biota samples collected for this study spans approximately five trophic levels from
zooplankton and benthos representing primary consumers to fish. Trophic structure
(based on 6*°N) and &**C signatures suggest that the connection between benthic and
pelagic food chains in the Gunneklevfjord is weak. The 6C signatures in fish are
predominantly littoral, suggesting a benthic dominated diet, and the §C signatures
mainly reflect amphipods, chironomids and other fish. This fits well with the general
knowledge of vegetated habitat preference for the species caught. However, it is
known that perch feeds on plankton in its first year (Pethon, 1989), before the diet
shifts towards benthic invertebrates and small fish and our data on correlation for
5N with §C, age and length for perch support a gradual ontogentic dietary shift
towards a more littoral based diet (Persson, 1986). From length 15-20 cm perch
mainly feed on fish, including its own species (Pethon, 1989). The perch collected is
in the length range of 6 - 46 cm, with median length 16 cm. Hence, approximately
half of the individuals of perch in our dataset probably had a diet dominated by other

fish, which is reflected in the high trophic position of perch in the food web.
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4.2 Trophic transfer of Hg in biota

Our results indicates that fish Tot-Hg concentrations is reduced since the last survey
(Berge and Knutzen, 1989). Bioaccumulation of Tot-Hg in the food chain has been
detected with a TMF> 1 for Tot-Hg, based on fish across several trophic levels. This
mainly reflects the high proportion of the bioaccumulating MeHg in fish (63.4-
82.5%), though %MeHg has been reported higher in other studies (Jones et al., 2014).
The Tot-Hg concentrations in perch in Gunneklevfjord overlapped with
concentrations reported from two nearby lakes within the same catchment area where
there are no direct Hg sources or contaminated sediment, only atmospheric deposition
in the catchment area (@kelsrud et al., 2016), questioning the importance of the
sediment as a source. In these lakes, the mean Tot-Hg concentrations in perch for
three sampling sites were 0.46, 0.65 and 1.68 mg Tot-Hg kg™ dw, whereas mean for
perch from Gunneklevfjorden is 1.4 mg Tot-Hg kg™ dw, supporting that there are site
specific factors influencing the availability and uptake of MeHg. Further, TMF = 2.1
for perch in Gunneklevfjorden is lower than the TMF = 4.6 recently reported from the
two non-industrialized lakes within the same catchment area (Jkelsrud et al., 2016). It
is worth noting that the calculation of TMF based on Tot-Hg and not MeHg, probably
affects TMF in the direction of a lower value (a less steep slope) due to the high
proportion of inorganic Tot-Hg at the lowest trophic level. We have sought to reduce
this impact by calculating TMF based on fish only and excluding benthos, while TMF
in the referenced study (@kelsrud et al., 2016) included benthos. The TMS=0.106
calculated in Gunneklevfjorden is also lower than mean TMS reported by Lavoie et al.
(2013), compiling 69 studies reporting on 205 aquatic food webs worldwide (TMS
0.16), suggesting that biomagnification of Hg in Gunneklevfjorden is generally low.

Our findings are in accordance with Hodson et al. (2014) who found that Tot-Hg and
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MeHg concentrations in sediment and pore water were unrelated to concentrations in
amphipods and yellow perch (Perca flavescens) in a study in the contaminated Lake
Saint Francis in Canada. Possible explanations for the somewhat limited transfer of
Hg through the food chain in Gunneklevfjorden is discussed in the following chapters.
4.2.1 Low uptake of MeHg in benthos

Low uptake rates of MeHg from the Gunneklevfjorden sediment to lower trophic
levels in the food chain may be due to low MeHg concentrations in sediment and pore
water (Table SI-A) or limited exposure of important surface dwelling benthic groups
(molluscs and amphipods) to contaminated sediment and pore water. The
concentrations of Tot-Hg in zooplankton and benthos were almost similar. The pore
water concentrations of Tot-Hg are 100-200x the concentrations measured in the
water (Table SI-A). However, concentrations of MeHg in pore water is only 0.3-3x
the concentrations in water, and %MeHg is significantly higher in water than in pore
water. This reveals relatively low bioavailability of MeHg in the sediments, which
can explain a significantly higher BCFrot.1g in zooplankton than in benthos when BCF
is calculated on basis of water concentrations for zooplankton and pore water
concentration for molluscs. Low bioavailability of Hg in the Gunneklevfjord sediment
is in accordance with other studies reporting that recent deposited, transported or
mineralized Hg tends to be more reactive towards methylation and bioaccumulation
than Hg that has aged in place in sediments and soil (Hsu-Kim et al., 2018)

4.2.2 Length of food chain

Results indicating an increase in Hg with relative trophic level in fish is in accordance
with the well-established phenomenon of Hg biomagnification in food webs
(Mclintyre and Beauchamp, 2007, Garcia and Carignan, 2005, Cabana et al., 1994,

Vander Zanden and Rasmussen, 1996). Consequently, the length of the food chain
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will influence on the concentrations accumulated in top predators. The number of
trophic levels revealed in our dataset are approximately two from secondary littoral
consumers to fish, whereas the most numerous fish species perch covers
approximately two-three trophic levels. This is similar to the food webs investigated
in nearby lakes (Dkelsrud et al., 2016), and therefore not a plausible explanation for

the somewhat low TMF in Gunneklevfjorden.

4.2.3 Possible effects of species specific migration patterns and seasonality in prey
abundance
Seasonal migration patterns, residence time and dietary preferences may affect Tot-
Hg uptake in predator fish. It is known that perch can migrate out of brackish areas
and into rivers for wintering, pike has been observed in the adjacent Frierfjorden and
can probably migrate as long as the salinity is below 10 %o (Pethon, 1989), flounder is
a marine fish with a wide salinity tolerance and typically migrates into the sea and
into deeper waters in the winter, and the eel's life cycle involves long migrations and
several years in the ocean before it returns to freshwater localities. Rudd is the species
most likely to stay in Gunneklevfjord all year to forage on vegetation, molluscs and
insect larvae. The two individuals of rudd in our data set had the highest %MeHg
(74.6 and 82.5 %MeHg), which may reflect their stationary living and full-time
exposure to the Hg sources in the Gunneklevfjord. Further, seasonality in prey
abundance may affect the Hg concentrations in fish. In particular, the chironomids
have a life cycle that indicates variation in prevalence throughout the year. In
addition, previous studies have shown that Hg methylation rate in the sediment is not
constant throughout the year, and MeHg pore water concentrations may be low at

some times of the year (Razavi et al., 2013).

23



4.2.4 Habitat reliance

Benthos that do not live permanently buried in the sediment, such as molluscs and
amphipods, are likely to be exposed to bottom water as well as to sediment pore
water, and probably also to Hg in the plant material (at least the molluscs) or in the
periphyton they might be grazing. Sources like sediment organic matter (SOM),
particulate organic matter (POM) and macroalgae were not taken into account in our
study. We find that including SOM as a food source might not be correct in this case
as the benthic invertebrates found are more likely to feed on detritus, periphyton and
bacteria on the sediment, rocks and vegetation. Even though POM may be a source of
C for zooplankton, the dominating species Bosmina longirostris may be much more
selective than Daphnia sp. (DeMott, 1982). B. longirostris have both a raptorial
feeding mode (grabbing particles) as well as a non-selective filtration mode of smaller
particles (DeMott, 1982, Bleiwas and Stokes, 1985). Including the very diverse and
unspecified POM may not be representative for the diet of B. longirostris, and not for
the fish preferring B. longirostris as their main prey. The similarity in BCFrot.1g for
zooplankton and benthos when BCFr.1g for molluscs is calculated on basis of bottom
waters (5 m) rather than pore water (Table SI-A), indicates that the availability of Hg
and the uptake rates in molluscs and zooplankton in Gunneklevfjorden may be quite
similar. In a recent study, we reported Hg concentrations in the macrophytes in
Gunneklevfjorden on 50 - 1321 ng Tot-Hg kg™ dw and 1 - 52 ng MeHg kg™ dw
(Olsen et al., 2016), that is much lower than the sediment concentrations (Table Sl-
A) though the %MeHg in the macrophytes was higher (1.4-17.3 %MeHg). Hence,
macrophytes should be considered a potential Hg source to benthic or vegetation
based food webs, as suggested by Beauvais-Fluck et al. (2017), though the exposure

to the various sources (sediment, water, macrophytes) may vary with both benthic and
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predator (fish, birds, mammals) habitat reliance and prey preferences. Our data does
not reveal whether the fish in Gunneklevfjorden feed mainly within or outside the
vegetation belt. However, several observations supports that the meadow is an
important feeding habitat for the fish in Gunneklevfjorden: i) the species found
generally have a strong connection to vegetation; ii) we observed a high prevalence of
prey in the vegetation area compared to outside; and iii) there was a littoral
dominance of 6"3C-signatures in the fish. Feeding within the meadow means that the
benthic prey is exposed to lower Hg concentrations than prey outside the meadow,
which was demonstrated by the significant difference in Tot-Hg in benthos within and
outside the meadow. The indication that benthos (amphipods) on higher trophic levels
are more mobile and move farther away from the meadow than benthos on lower
trophic levels (Figure 5), is complimentary to earlier studies reporting on the
importance of mobility to search for high quality food (Jgrgensen and Christie, 2003,
Kraufvelin et al., 2006) and emigration to limit population growth and stabilize the
community (Christie and Kraufvelin, 2004). Thus, although the Tot-Hg
concentrations in sediments and the benthos outside the meadow are higher than
within the meadow, these areas may have less significance for the trophic transfer of
Hg into fish. Accordingly, because of lower Tot-Hg concentrations in benthos inside
the meadow, the dietary exposure of fish to Tot-Hg might be lower when feeding on
benthos inside the meadow, though the MeHg exposure may be higher due to a higher
%MeHg in sediments. Hence, the correlation between &C and Tot-Hg (log-
transformed) in fish may be related to enhanced exposure to MeHg when feeding
within the shallow meadow despite lower Tot-Hg concentrations in sediments, given

the higher fraction of MeHg within the vegetated habitat (Table SI-A).
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4.2.5 Implications for sediment remediation

Based on our results, the sediment Tot-Hg concentrations outside the meadow seem to
be of minor importance for transfer of Hg from sediment to the food web. Given that
the purpose of sediment remediation actions are to reduce the Hg concentrations in
biota and minimize human risk caused by the consumption of Hg contaminated fish
and seafood, we propose that remediation actions within the meadow will have more
effect on Hg concentrations in fish than outside the meadow, despite higher Hg

concentrations outside.

5 Conclusion

The aquatic food chain in Gunneklevfjorden is based on benthos, primarily
amphipods and chironomids, and the submerged meadow is the preferred habitat for
both benthos and fish. Molluscs do not seem to represent an important prey to fish,
though they may play a role in the remobilization and transfer of Hg from sediment
through macrophytes and/or periphyton into food webs. The Tot-Hg concentrations in
fish seem to have decreased since the last survey reported in 1989, in the same period
as surface sediment concentrations have declined. Despite still high Tot-Hg
concentrations in sediment, especially outside the meadow, transfer of MeHg from
sediment to the food chain are generally low. We propose that the meadow is the most
important exposure site for sediment MeHg, due to habitat reliance and higher
%MeHg in sediment, though the importance of other non-sediment sources to Hg in
fish should be explored following the reduction in sediment Tot-Hg concentrations.
Also, the possible influence of seasonality in biotic as well as abiotic factors on
availability and uptake of MeHg into food webs should be investigated. Following
these results, we propose that sediment remediation actions outside of the meadow

may have limited effect on Tot-Hg concentrations in fish.

26



Acknowledgments

We are grateful to Jarand Fredheim, Vetle Fredheim, Frithjof Moy and Christian
Robstad for helping out with the fieldwork, and to Sindre Fredheim, Mari Darrud,
Marijanne Holtan, Dr. Clara Moreno and Dr. Asle @kelsrud for support in sample
preparation. Hartvig Christie gave valuable advice on the construction of invertebrate

traps. Analysis of MeHg was carried at by Hans Fredrik Veiteberg Braaten at NIVA.

Funding

The work was supported by the previous chlor-alkalie plant owner Norsk Hydro ASA.

References

AMAP 2011. AMAP Assesment 2011: Mercury in the Arctic. Arctic Monitoring
and Assessment Programme (AMAP), Oslo, Norway.

BEAUVAIS-FLUCK, R., GIMBERT, F., MEHAULT, O. & COSIO, C. 2017. Trophic fate
of inorganic and methyl-mercury in a macrophyte-chironomid food chain.
Journal of Hazardous Materials, 338, 140-147.

BERGE, J. A. & KNUTZEN, J. 1989. Miljggifter i Gunnekleivfjorden. Delrapport 3.
Opptak av miljggifter i fisk. NIVA.

BLEIWAS, A. & STOKES, P. M. 1985. Collection of large and small food particles by
Bosmina. Limnol Oceanogr, 30, 1090-1092.

BLOOM, N. S. 1992. On the chemical form of mercury in edible fish and marine
invertebrate tissue. Can J Fish Aquat Sci, 49.

BORGA, K., KIDD, K. A, MUIR, D. C,, BERGLUND, 0., CONDER, J. M., GOBAS, F. A,

KUCKLICK, J.,, MALM, O. & POWELL, D. E. 2012. Trophic magnification

27



factors: Considerations of ecology, ecosystems, and study design.
Integrated Environmental Assessment and Management, 8, 64-84.

BRAATEN, H. F. V., HARMAN, C., @VERJORDET, I. B. & LARSSEN, T. 2014. Effects
of sample preparation on methylmercury concentrations in Arctic
organisms. International Journal of Environmental Analytical Chemistry,
94, 863-873.

BRAVO, A. G, COSIO, C, AMOUROUX, D. ZOPFI, ], CHEVALLEY, P.-A,
SPANGENBERG, |. E.,, UNGUREANU, V.-G. & DOMINIK, J. 2014. Extremely
elevated methyl mercury levels in water, sediment and organisms in a
Romanian reservoir affected by release of mercury from a chlor-alkali
plant. Water Research, 49, 391-405.

CABANA, G. & RASMUSSEN, J. B. 1996. Comparison of aquatic food chains using
nitrogen isotopes. Proceeding of the National Academy of Sciences USA, 93,
10844-10847.

CABANA, G., TREMBLAY, A, KALFF, ]J. & RASMUSSEN, ]. B. 1994. Pelagic food
chain structure in Ontario lakes: a determinant of mercury levels in lake
trout (Salvelinus namaycush). Canadian Journal of Fisheries and Aquatic
Sciences, 51, 381-389.

CHRISTIE, H. & KRAUFVELIN, P. 2004. Mechanisms regulating amphipod
population density within macroalgal communities with low predator
impact. Scientia Marina, 68, 189-198.

COMPEAU, G. C. & BARTHA, R. 1985. Sulfate-Reducing Bacteria: Principal
Methylators of Mercury in Anoxic Estuarine Sediment Applied and

environmental microbiology, 50, 498-502.

28



COSIO, C., FLUCK, R, REGIER, N. & SLAVEYKOVA, V., 1. 2014. Effects of
macrophytes on the fate of mercury in aquatic systems. Environmental
Toxicology & Chemistry, 33, 1225-1238.

DEMOTT, W. R. 1982. Feeding selectivities and relative ingestion rates of
Daphnia and Bosmina. Limnol Oceanogr, 27, 518-527.

DONALDSON, S. G., VAN O0STDAM, ]., TIKHONOV, C., FEELEY, M., ARMSTRONG,
B, AYOTTE, P, BOUCHER, 0., BOWERS, W., CHAN, L. DALLAIRE, F,,
DALLAIRE, R, DEWAILLY, E., EDWARDS, ]., EGELAND, G. M., FONTAINE, .,
C., F, LEECH, T, LORING, E., MUCKLE, G., NANCARROW, T., PEREG, D.,
PLUSQUELLEC, P., POTYRALA, M., RECEVEUR, 0. & SHEARER, R. G. 2010.
Environmental contaminants and human health in the Canadian Artic.
Science of The Total Environment, 408, 5165-5234.

DRISCOLL, C. T., MASON, R. P,, CHAN, H. M,, JACOB, D. ]. & PIRRONE, N. 2013.
Mercury as a global pollutant: Sources, pathways, and effects.
Environmental Science & Technology, 47, 4967-4983.

FRANCE, R. L. 1995. Differentiation between littoral and pelagic food webs in

lakes using stable carbon isotopes. Limnology and Oceanography, 40,

1310-1313.
GARCIA, E. & CARIGNAN, R. 2005. Mercury concentrations in fish from forest
harvesting and fire impacted Canadian boreal lakes compared using

stabile isotopes of nitrogen. Environmental Toxicology & Chemistry, 24,

685-693.
HODSON, P. V., NORRIS, K., BERQUIST, M., CAMPBELL, L. M. & RIDAL, J. J. 2014.

Mercury concentrations in amphipods and fish of the Saint Lawrence

29



River (Canada) are unrelated to concentrations of legacy mercury in
sediments. Science of The Total Environment, 494-495, 218-228.

HOLLWEG, T. A, GILMOUR, C. C. & MASON, R. P. 2009. Methylmercury
production in sediments in Chesapeak bay and the mid-Atlantic
continental margin. Marine Chemistry, 114, 86-101.

HSU-KIM, H., ECKLEY, C. S., ACHA, D., FENG, X., GILMOUR, C. C., JONSSON, S. &
MITCHELL, C. P. ]J. 2018. Challenges and opportunities for managing
aquatic mercury pollution in altered landscapes. Ambio, 47, 141-169.

JAGLAL, K. 2011. Contaminated Aquatic Sediments. Water Environment Research,
83, 1637-1664.

JONES, H. ], SWADLING, K. M., BUTLER, E. C. V. & MACLEOD, C. K. 2014. Complex
patterns in fish - sediment mercury concentrations in a contaminated
estuary: The influence of selenium co-contamination? Estuarine, Coastal
and Shelf Science, 137, 14-22.

JORGENSEN, N. M. & CHRISTIE, H. 2003. Diurnal, horizontal and vertical
dispersal of kelp-associated fauna. Hydrobiologia, 503, 69-73.

KIM, E., MASON, R. P. & BERGERON, C. M. 2008. A modeling study on
methylmercury bioaccumulation and its controlling factors. Ecol Model,
218, 267-89.

KING, J. K, KOSTKA, J. E., FRISCHER, M. E. & SAUNDERS, F. M. 2000. Sulfate-
reducing bacteria methylate mercury at variable rates in pure culture and
in marine sediments. Applied and Envrionmental Microbiology, 66, 2430-
2437.

KRAUFVELIN, P., SALOVIUS, S., CHRISTIE, H., MOY, F. E., KAREZ, R. & PEDERSEN,

M. F. 2006. Eutrophication-induced changes in benthic algae affect the

30



behaviour and fitness of the marine amphipod Gammarus locusta. Aquatic
Botany, 84, 199-2009.

LAVOIE, R. A, JARDINE, T. D, CHUMCAL, M. M. & KIDD, K. A. 2013.
Biomagnification of mercury in aquatic food webs: A worldwide meta-
analysis. Environ. Sci. Technol., 47, 13385-13394.

LEHNHERR, I. 2014. Methylmercury biogeochemistry: a review with special
reference to Arctic aquatic ecosystems. Environmental Reviews, 22, 229-
243.

LEHNHERR, L, ST. LOUIS, V. L., HINTELMANN, H. & KIRK, J. L. 2011. Methylation
of inorganic mercury in polar marine waters. Nature Geoscience.

MCINTYRE, J. K. & BEAUCHAMP, D. A. 2007. Age and trophic position dominate
bioaccumulation of mercury and organichlorines in the food web of Lake
Washington. Science of The Total Environment, 372, 571-584.

MERRITT, K. A. & AMIRBAHMAN, A. 2009. Mercury methylation dynamics in
estuarine and coastal marine environments — A critical review. Earth-
Science Reviews, 96, 54-66.

MOLVAR, ]. 1979. Overvaking av forurensninger i Grenlandsfjordene og
Skienselva i 1978. Delrapport nr. 3: Undersgkelser av
vannutskiftningsforholdene. NIVA.

MOLVAR, J. 1989. Miljggifter i Gunnekleivfjorden. Delrapport 2: Miljggifter i
vannmassene. Transport av miljggifter gjennom kanalene.: NIVA.

OLSEN, M. SCHAANNING, M. T., BRAATEN, H. F. V,, EEK, E, MOY, F. E. &
LYDERSEN, E. 2018. The influence of permanently submerged

macrophytes on sediment mercury distribution, mobility and methylation

31



potential in a brackish Norwegian fjord. Science of The Total Environment,
610-611, 1364-1374.

OLSEN, M., SCHAANNING, M. T., EEK, E. & NAS, K. 2015. Beslutningsgrunnlag og
tiltaksplan for forurensede sedimenter. NIVA-rapport 6922-2015.

OLSEN, M., SORENSEN, C. & LYDERSEN, E. 2016. Mercury in the submerged
macrophytes Potamogeton crispus and Chara virgata from the brackish,
industrial affected Gunneklevfjorden, southern Norway. Vann, 4, 370-379.

PERSSON, L. 1986. Effects of reduced interspecific competition on resource
utilization in perch (Perca fluviatilis). Ecology, 67, 355-364.

PETHON, P. 1989. Ascehougs store Fiskebok, H. Ascehoug & Co A/S.

POST, D. M. 2002. Using Stable Isotopes to Estimate Trophic Position: Models,
Methods, and Assumptions. Ecology, 83, 703-718.

RAZAVI, N. R, RIDAL, ]. ], DE WIT, W., HICKEY, M. B. C,, CAMPBELL, L. M. &
HODSON, P. V. 2013. Ebulition rates and mercury concentrations in St
Lawrence River sediments and a benthic invertebrate. Environmental
Toxicology & Chemistry, 32, 857-865.

REGIER, N., FREY, B., CONVERSE, B., RODEN, E., GROSSE-HONEBRINK, A., BRAVO,
A. G. & COSIO, C. 2012. Effect of Elodea nuttallii roots on bacterial
communities and MMHg proportion in a Hg polluted sediment. PloS one,
7,e45565.

RYGG, B. 1979. Overvaking av forurensninger i Grenlandsfjordene og Skienselva i
1978. Delrapport nr. 1: Miljggifter i taskekrabbe, blaskjell og alger.: NIVA.

SCHAEFER, J. K., YAG], ]., REINFELDER, ]J. R,, CARDONA, T., ELLICKSON, K. M,,
TEL-OR, S. & BARKAY, T. 2004. Role of the bacterial organomercurylyase

(MerB) in controlling methylmercury accumulation in mercury-

32



contaminated natural waters. Environmental Science & Technology, 38,
4304-4311.

SKYLLBERG, U., DROTT, A., LAMBERTSSON, L. BJORN, E. KARLSSON, T,
JOHNSON, T., HEINEMO, S. A. & HOLMSTRM, H. 2007. Net methylmercury
production as a basis for improved risk assessment of mercury-
contaminated sediments. Ambio, 36, 437-442.

USEPA 1998. Method 1630 Methylmercury in Water by Distillation, Aqueous
Ethylation, Purge and Trap, and Cold Vapor Atomic Fluorescence
Spectrometry. In: TELLIARD, W. A. (ed.). US Environmental Protection
Agency - Office of Water.

VANDER ZANDEN, M. ]J. & RASMUSSEN, ]. B. 1996. A trophic position model of
pelagic food webs: impact on contaminant bioaccumulation in lake trout.
Ecological Monographs, 66,451-477.

VANDER ZANDEN, M. J. & RASMUSSEN, J. B. 1999. Primary consumer §13C and
015N and the trophic position of aquatic consumers. Ecology, 80, 1395-
1404.

VANDER ZANDEN, M. ]. & VADEBONCOEUR, Y. 2002. FISHES AS INTEGRATORS
OF BENTHIC AND PELAGIC FOOD WEBS IN LAKES. Ecology, 83, 2152-
2161.

WATRAS, C. J. & BLOOM, N. S. 1992. Mercury and methylmercury individual
zooplankton-implications  for  bioaccumulation.  Limnology  and
Oceanography, 37,1313-1318.

WIENER, J. G. & SPRY, D. ]J. 1996. Toxicological significance of mercury in

freshwater fish. In: BEYER, W. N., HEINZ, G. H. & REDMON-NORWOOD, A.

33



W. (eds.) Environmental contaminants in wildlife: interpreting tissue
concentrations. Boca Raton (FL): Lewis Publishers.

@KELSRUD, A., LYDERSEN, E. & FJELD, E. 2016. Biomagnification of mercury and
selenium in two lakes in southern Norway. Science of The Total

Environment, 566-567, 596-607.

34



A Benthos

O Fish
12000+ vV Zooplankton
10000- o 4

6000 -

total Hg, pg/kg dw
05)
o
-
T

4000+

2000+

Graphical abstract

35



Highlights

e The possible influence of macrophytes to bioavailability of Hg studied

e Invertebrates comprise a larger portion of fish diets than zooplankton

e The concentrations of Tot-Hg in benthos, zooplankton and fish are
overlapping

e Biomagnification of Hg in fish is low, with TMF = 2.3

e Transfer of sediment MeHg to the food chain is limited
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