
Science of the Total Environment 906 (2024) 167643

Available online 6 October 2023
0048-9697/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Seasonal riverine inputs may affect diet and mercury bioaccumulation in 
Arctic coastal zooplankton 

Nathalie Carrasco a,b,c,*, Maeve McGovern c, Anita Evenset d, Janne E. Søreide e, 
Michael T. Arts f, Sofi Jonsson g, Amanda E. Poste a,c,h,** 

a Department of Arctic Marine Biology, UiT, The Arctic University of Norway, 9019 Tromsø, Norway 
b Oceanographic Institute - Prince Albert I Foundation, 98000, Monaco 
c Norwegian Institute for Water Research, 9007 Tromsø, Norway 
d Akvaplan-niva, Fram Centre, 9007 Tromsø, Norway 
e University Centre in Svalbard, 9170 Longyearbyen, Norway 
f Toronto Metropolitan University, Toronto M5B 2K3, Canada 
g Department of Environmental Science, Stockholm University, SE-106 91 Stockholm, Sweden 
h Norwegian Institute for Nature Research, 9296 Tromsø, Norway   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• River inputs over the season affected 
surface water physicochemistry in an 
Arctic coastal estuary. 

• Zooplankton δ13C values reflected 
terrestrial carbon utilization during the 
main river discharge period. 

• [Hg] in zooplankton increased following 
higher river discharge and shifts in diet 
and community structure.  

Conceptual figure summarizing Hg concentrations in zooplankton from April to August 2018 alongside 
changes in river discharge and tOM contribution to zooplankton diet.
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A B S T R A C T   

Climate change driven increases in permafrost thaw and terrestrial runoff are expected to facilitate the mobi-
lization and transport of mercury (Hg) from catchment soils to coastal areas in the Arctic, potentially increasing 
Hg exposure of marine food webs. The main aim of this study was to determine the impacts of seasonal riverine 
inputs on land-ocean Hg transport, zooplankton diet and Hg bioaccumulation in an Arctic estuary (Adven-
tfjorden, Svalbard). The Adventelva River was a source of dissolved and particulate Hg to Adventfjorden, 
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especially in June and July during the river’s main discharge period. Stable isotope and fatty acid analyses 
suggest that zooplankton diet varied seasonally with diatoms dominating during the spring phytoplankton bloom 
in May and with increasing contributions of dinoflagellates in the summer months. In addition, there was evi-
dence of increased terrestrial carbon utilization by zooplankton in June and July, when terrestrial particles 
contributed substantially to the particulate organic matter pool. Total (TotHg) and methyl Hg (MeHg) concen-
trations in zooplankton increased from April to August related to increased exposure to riverine inputs, and to 
shifts in zooplankton diet and community structure. Longer and warmer summer seasons will probably increase 
riverine runoff and thus Hg exposure to Arctic zooplankton.   

1. Introduction 

Most anthropogenic mercury (Hg) in the Arctic originates from long- 
range transport (i.e. comes from the atmosphere and/or the ocean) 
rather than from point-source emissions (AMAP, 2021). Current esti-
mates suggest that permafrost soils in the Northern Hemisphere contain 
67 Gg Hg (i.e. 67,000 t) (Lim et al., 2020), which makes them a globally 
significant pool (Ariya et al., 2004; Macdonald and Loseto, 2010; Olson 
et al., 2018; Schuster et al., 2018). Climate change is leading to 
increased mobilization and transport of Hg from permafrost catchments 
to coastal waters (Dommergue et al., 2003; Emmerton et al., 2013; Olson 
et al., 2018; Schuster et al., 2018), with elevated Hg concentrations 
reported for water, sediment, soil and biota from different Arctic re-
gions, including Svalbard (Lehnherr, 2014; Halbach et al., 2017). 
However, the fate of terrestrially-derived Hg in the coastal environment, 
and the potential for increased accumulation of Hg in coastal biota re-
mains poorly documented. 

Contaminant uptake in the food web depends on the biomass at its 
base at the time of peak inputs, and also on contaminant bioavailability. 
Methyl mercury (MeHg), the most toxic form of Hg, has a greater po-
tential for bioaccumulation and biomagnification than inorganic Hg 
(Morel et al., 1998; Kuhnlein and Chan, 2000; Clarkson et al., 2003). In 
aquatic systems, availability of organic matter substrate and anoxic 
conditions in the water column and sediments are known to promote the 
transformation of inorganic Hg into MeHg, by a broad range of micro-
organisms (Gilmour et al., 2013; Gagnon et al., 1996; Morel et al., 1998). 
However, recent evidence also points to the potential for methylation 
under oxic conditions in Arctic marine waters, including in stratified 
river-influenced surface waters (Schartup et al., 2015b). Furthermore, 
climate change-mediated increases in the transport of terrestrially- 
derived organic material and sediments from catchments to coastal 
surface waters have the potential to alter physico-chemical conditions 
(McGovern et al., 2020a), with implications for contaminant uptake and 
bioaccumulation (McGovern et al., 2019). 

Sediment and organic matter-rich freshwater inputs, which drive the 
rapid attenuation of light needed for photosynthesis (McGovern et al., 
2020a), have the potential to increase the importance of heterotrophic 
and terrestrial food sources to higher-trophic level organisms (Ander-
sson et al., 2018, McGovern et al., 2023 in prep). However, bacterial and 
terrestrially-derived organic matter are lower in nutritional quality than 
phytoplankton (Hiltunen et al., 2019). Because aquatic food webs with a 
strong microbial loop component (and hence an increased reliance of 
zooplankton on heterotrophic food sources) have additional trophic 
transfers compared to phytoplankton-based food webs, such conditions 
may increase concentrations of biomagnifying contaminants such as 
MeHg in consumer organisms (Jonsson et al., 2017). In addition, the 
lower dietary quality to zooplankton of terrestrial organic matter sour-
ces, e.g. with higher C:N ratios and lower levels of polyunsaturated 
(PUFA) and essential fatty acids (EFA) required for optimal growth and 
development, can lead to decreased trophic efficiency through marine 
food webs (Arts et al., 2009), which can in turn lead to less growth 
dilution of MeHg. Furthermore, dietary exposure is the main pathway 
through which higher trophic level species are exposed to MeHg (Hall 
et al., 1997). Thus, seasonal variability in zooplankton diet may have an 
impact on the uptake of Hg at the base of the marine food web. Despite 

this, no studies (to our knowledge) have focused on seasonal diet vari-
ability and Hg bioaccumulation in zooplankton in river-influenced 
Arctic coastal waters. 

The overarching aim of this study was thus to understand how sea-
sonal river inputs affect diet and mercury bioaccumulation in coastal 
zooplankton. We hypothesized that river inputs would be a significant 
source of terrestrial carbon and Hg to the fjord system, and that 
increased Hg exposure at the base of the food web and utilization of 
terrestrial and heterotrophic food sources by fjord zooplankton, would 
be associated with significantly increased concentrations of total Hg 
(TotHg) and MeHg in lower trophic levels during the summer riverine 
runoff period. 

2. Materials and methods 

2.1. Field sampling 

The current study was carried out in Adventfjorden, a small fjord arm 
(max. Depth = 90 m) of Isfjorden located in West Spitsbergen, Svalbard 
(Fig. 1). Isfjorden is an open fjord which is influenced by the relatively 
warm and saline West Spitsbergen Current (WSC) a continuation of the 
North Atlantic Current, and the colder and less saline East Spitsbergen 
Current (Arctic Ocean water) originating from East Svalbard, which 
both flow northwards along West Spitsbergen (Nilsen et al., 2008; 
Skogseth et al., 2020). The inner part of Adventfjorden is a shallow es-
tuary which receives significant freshwater input from the Adventelva 
River, which transports meltwater from upstream glaciers (Zajączkowski 
and Włodarska-Kowalczuk, 2007; Zajaczkowski, 2008; Zajaczkowski 
et al., 2010), and runoff from precipitation and snowmelt. Few quanti-
tative data are available on riverine inputs to Adventfjorden, but during 
summer 2001, the discharge in the Adventelva River was estimated to 
reach a maximum of 3.6 m3 s− 1 (Zajaczkowski, 2008). Zooplankton and 
seawater samples were collected monthly from April to August 2018 at 3 
stations along a gradient from inner to outer Adventfjorden (AF1, AF2 
and IsA; Fig. 1). In addition, surface water was collected from the 
Adventelva River monthly between May and August (Fig. 1). At each 
fjord station, a CTD profiler (SD204, SAIV A/S) was used to collect 
vertical profiles of salinity and temperature. Furthermore, seawater was 
collected from a Niskin bottle at 2 depths: just below surface and at 15 
m. Turbidity was measured from each water sample in the field using a 
Thermo Eutech TN-100 turbidity meter. Water for filtration was stored 
in high-density polyethylene (HDPE) containers under dark and cold 
conditions until processing at the University Centre in Svalbard as soon 
as possible after collection (within 4 h). Zooplankton were sampled with 
integrated vertical hauls from 2 m above the bottom to the surface. In 
order to collect zooplankton from different size classes, 60 and 200 μm 
WP2 nets (both with a diameter of 0.25 m2) and a larger and coarser 
1000 μm WP3 net (with a diameter of 1 m2) were used. All net haul 
material was pooled and macrozooplankton (e.g. euphausiids, Themisto 
spp., jellyfish) were removed before the remaining mesozooplankton 
were size-fractionated using sequential Nitex mesh screens with mesh 
sizes of 1000, 500, 200, and 50 μm. Because macrozooplankton taxa (>
1000 μm) differed substantially among stations and dates, we chose to 
focus on size fractionated mesozooplankton (between 50 and 1000 μm) 
in this study. From each of the size-fractionated samples, subsamples 
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were taken for species identification (fixed with 4 % formalin-seawater 
solution buffered with Borax®), stable isotope and Hg analysis (frozen at 
− 20◦C), and fatty acid analysis (frozen at − 80◦C). 

2.2. Water chemistry 

For determination of suspended particulate matter (SPM) concen-
trations, water samples (seawater n = 28; rivers n = 4; Table S1 in the 
Supplementary material) were filtered onto pre-weighed (oven-dried at 
60◦C for 1 h) 47 mm Whatman QMA quartz fibre filters (for determi-
nation of particulate Hg concentrations on a mass basis) and were stored 
at − 20◦C. SPM concentrations (mg/L) were determined gravimetrically 
at the University Centre in Svalbard. 

For Chlorophyll-a (Chl-a) analysis, water samples from the fjord 
were filtered onto 25 mm GF/F filters that were wrapped in aluminium 
foil and stored at − 80◦C until analysis. Chl-a was analyzed at the Uni-
versity Centre in Svalbard (n = 28). Chl-a was extracted from filters with 
10 mL of 100 % methanol in the dark at 4◦C for 20–24 h (Holm-Hansen 
and Riemann, 1978), and fluorescence was determined using a 10-AU- 
005-CE Fluorometer (Turner, USA). After measuring total Chl-a, the 
fraction of phaeopigments was determined by the addition of 5 % HCl, 
followed by an additional fluorescence measurement (Parsons, 2013). 

2.3. Zooplankton identification 

The relative contribution of different zooplankton taxa to the total 
biomass of size-fractionated samples was estimated by pairing sample 
identification through microscopy with previously reported taxon- 
specific estimates of dry weights for individuals of Arctic zooplankton 

(Blachowiak-Samolyk et al., 2008 and references therein). Individuals 
were identified, measured and counted. In size fractions containing few 
organisms (i.e. <200), all individuals were identified. In size fractions 
with high zooplankton abundance, the sample was diluted in 100 mL of 
seawater and 2 mL sub-samples were analyzed, until 200 individuals 
had been counted. The relative abundance and biomass of zooplankton 
taxa were then calculated within each size fraction. 

2.4. Dietary markers 

For stable isotope analysis (SIA) of particulate organic matter (POM), 
river and fjord water were filtered onto pre-combusted 25 mm Whatman 
GF/F filters, which were then wrapped in aluminium foil and frozen at 
− 20◦C until analysis. Analysis of stable isotopes of carbon (δ13C) and 
nitrogen (δ15N) and determination of carbon and nitrogen content, was 
carried out for POM and zooplankton at the University of California, 
Davis (UC Davis Stable Isotope Facility, USA). Prior to analysis, both 
POM filters (n = 28; Table S1 in the Supplementary material) and 
zooplankton samples (n = 34; Table S1 in the Supplementary material) 
were freeze-dried for 24–48 h. POM filters were then packed in tin 
capsules. Zooplankton samples were homogenized using an agate 
mortar and pestle. A sub-sample was then weighed to the nearest 1 μg 
using a Mettler Toledo balance and packed in tin capsules. Because δ13C 
measurements can be influenced by carbonate content (Bodin et al., 
2007), two parallel filters for POM were analyzed, one unacidified and 
one acidified (for carbonate removal). A subset of acidified zooplankton 
samples (n = 16) were also analyzed in parallel to test for effects of 
acidification on zooplankton δ13C. Although there was a significant 
difference between acidified and unacidified POM samples (Paired t- 

Fig. 1. (a) Map of Svalbard with the West Spitsbergen Current (WSC) and East Spitsbergen Current (ESC). (b) Adventfjorden with sampling locations shown with 
circles: river station Adventelva (A) and the fjord stations (AF1, AF2, IsA). 
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test, p < 0.001), this was not the case between acidified and unacidified 
zooplankton samples. Hence, acidified POM samples provided δ13C 
values and particulate organic carbon (POC) content and unacidified 
ones provided δ15N values, and particulate nitrogen (PartN) and carbon 
(PartC) content. Data from unacidified zooplankton samples were used 
for further data analysis. δ13C, δ15N, and C and N content were analyzed 
using an Elementar Vario EL Cube or Micro Cube elemental analyser 
(Elementar analysensysteme GmbH, Hanau, Germany) interfaced to an 
PDZ Europa ANCA-GSL elemental analyser interfaced to a PDZ Europa 
20–20 continuous flow isotope ratio mass spectrometer (IRMS), (Sercon 
Ltd., Cheshire, UK) for POM samples; while zooplankton samples were 
analyzed using an PDZ Europa ANCA-GSL elemental analyser interfaced 
to a PDZ Europa 20–20 continuous flow isotope ratio mass spectrometer 
(IRMS), (Sercon Ltd., Cheshire, UK). Standard deviation for reference 
materials ranged from ±0.01 to ±0.08 ‰ for δ13C, and ± 0.01to ± 0.03 
‰ for δ15N for sample runs that included acidified samples; and from 
±0.03 to ±0.13 ‰ for δ13C, and ± 0.03 to ±0.04 ‰ for δ15N for sample 
runs that included unacidified samples. 

δ13C and δ15N values are expressed in delta notation: 

δ X = [Rsample/Rstandard) − 1] × 1000 (1)  

expressed in units of per thousand (‰) and where X is C or N, and R is 
13C /12C or 15N/14N of the sample or the standard (Pee Dee Belemnite 
limestone for C and atmospheric N2 for N). 

Fatty acid (FA) analysis was carried out for a subset of zooplankton 
size-fractionated samples (n = 24; Table S1 in the Supplementary ma-
terial) at Toronto Metropolitan University (formerly Ryerson University, 
Toronto, Canada) broadly following methods outlined in Folch et al. 
(1957). Total lipids were extracted with 4 mL of 2:1 chloroform:meth-
anol. 18 μg of Tricosanoic acid (23:0) was added to each tube as an 
internal standard for estimating recovery and methylation efficiency 
(mean ~ 80 %). The extracts were then dried with non-reactive, extra- 
dry, nitrogen gas. For the methylation of FA, 2 mL of hexanes was added 
to each of the tubes after which two 100 μL aliquots of the lipid solution 
was removed from each tube and placed in cast tin cups. After evapo-
ration of the solvent, the tubes were placed on a heating block for 90 min 
at 90◦C. A Shimadzu GC-2010 plus, with an AOC-20i/s auto-sampler and 
twin auto-injectors, with Shimadzu LabSolutions software, was used to 
quantify FA. Column temperature was set to: hold at 140◦C for 5 min, 
ramp up to 240◦C at 2◦C/min for 50 min, and then hold at 240◦C for the 
final 10 min. FA in each samples were identified and quantified by 
referencing them to the retention times of FA and using a series of 
calibration standards (GLC 463, GLC 68E, and 23:0, NuChek Prep., 
Waterville, MN, USA). In total, 42 fatty acids were analyzed and 4 fatty 
acid trophic markers (FATM) were included for further statistical anal-
ysis (Table S2 in the Supplementary material). 

2.5. Hg analysis 

Dissolved TotHg (DTotHg) samples were collected from 0.2 μm 
filtrate (polycarbonate Millipore filters) and then frozen at − 20◦C until 
analysis. Analysis of DTotHg was carried out at the Norwegian Institute 
for Water Research (NIVA). TotHg was determined through oxidation, 
purge and trap and cold vapor atomic fluorescence spectrometry 
(CVAFS) based on USEPA method 1631 (US EPA, 1999). For analysis of 
particulate TotHg (PartTotHg), river and fjord water were filtered onto 
pre-combusted (trace metal clean) 25 mm Whatman QMA quartz fibre 
filters, and stored in aluminium foil at − 20◦C until analysis. TotHg 
analysis for PartTotHg (River n = 4; Fjord n = 28; Table S1 in the 
Supplementary material) and TotHg in zooplankton (n = 28 homoge-
nized samples where mass was sufficient for analysis; ~10 mg; Table S1 
in the Supplementary material) was carried out using a Direct Mercury 
Analyser (DMA-80) at Akvaplan-niva in Tromsø, Norway (U.S.E.P.A). 
Quality assurance measures included 3 blanks (1st run: 0.03 ± 0.01 ng, 
2nd run: 0.03 ± 0.02 ng for POM samples, and 1st run: 0.05 ± 0.02 ng, 

2nd run: 0.04 ± 0.02 ng for zooplankton samples), 3 blank analytical 
boats (1st run: 0.02 ± 0 ng, 2nd run: 0.02 ± 0 ng for POM samples and 
1st run: 0.02 ± 0.01 ng, 2nd run: 0.01 ± 0 ng for zooplankton samples) 
and 3 blank filters for POM (1st run: 0.01 ± 0 ng, 2nd run: 0.01 ± 0 ng), 
and analysis of reference materials (CRM-DORM-4, fish protein, Na-
tional Research Council Canada) (n = 2 for each run) to assess precision. 
CRMs were always within the certified concentration range (416 ± 28 
ng/g). 

MeHg analysis in zooplankton was carried out at Stockholm Uni-
versity (SU), Sweden for samples which had sufficient mass for analysis 
(0.05–0.1 g; n = 33; Table S1 in the Supplementary material). The 
procedure for preparation and analysis of MeHg was based on the 
method described by Hintelmann and Nguyen (2005) and Braaten et al. 
(2014) with minor adjustments. Briefly, freeze-dried and homogenized 
samples (same as those used for stable isotope analysis) were weighed 
out into Falcon tubes and digested using trace-metal grade nitric acid 
(30 % v/v) (Fisher Scientific) in a 60◦C bath for 16–17 h. After acid 
digestion, the samples were analyzed using a 2700 Methyl Mercury 
Auto-Analysis System (Tekran, Canada). Quality assurance measures 
included method blanks (0.01 ± 0.002 ng/L), analysis of certified 
reference materials (CRM-DORM-4, n = 6; National Research Council 
Canada and TORT-2, n = 3; National Research Council Canada), matrix 
spikes (n = 6; recoveries ranged from 85 to 100 %) and sample replicates 
(n = 6; relative % difference ranged from 1.5 to 35 %). CRMs were al-
ways within the certified concentration range. 

2.6. Data treatment and statistical analysis 

Lipid correction of δ13C values in zooplankton is often necessary to 
account for seasonality and interspecific differences in lipid concentra-
tion, since lipids have very low δ13C values (Hobson and Clark, 1992). 
δ13C values in zooplankton were lipid-corrected using C:N ratio ac-
cording to the model in Pomerleau et al. (2014). 

δ13CLEA = δ13Cbulk+Δ13C (2)  

where δ13CLEA is δ13C lipid-extracted and acidified; δ13C bulk refers to 
raw δ13C values for zooplankton and Δ 13C calculated as: 

Δ13C = (0.206*C : N)+ 2.02 (3) 

All statistical analyses were carried out in R (version 4.3.1; R Core 
Team, 2023) using RStudio. Given the small dataset with many covari-
ate variables, and the strong seasonality of the data, we chose to focus on 
univariate analysis and Principal Component Analysis (PCA), rather 
than General Linear Model, constrained ordination or mixing model 
analysis. Since data for most zooplankton and water chemistry param-
eters were non-normally distributed (confirmed by Shapiro-Wilk tests), 
the non-parametric Kruskal-Wallis test and pairwise comparisons using 
Wilcoxon rank sum were used to test differences in water chemistry, Hg 
loading, dietary markers and contamination of zooplankton among 
months, stations and size-fractions. Furthermore, PCA was used to 
explore correlations, similarities and differences between physico-
chemical data, dietary markers (δ13C, FA), and TotHg and MeHg con-
centrations as well as MeHg:TotHg ratio (%MeHg) in zooplankton. In 
addition, Spearman’s rank correlations were used to examine correla-
tions between physicochemical parameters, diet, community, and TotHg 
and MeHg concentrations in zooplankton. 

3. Results 

3.1. Physicochemical conditions in the Adventelva River and 
Adventfjorden 

The Adventelva River started flowing in May, with the highest water 
level observed in late June to early August (A. Poste unpublished data). 
SPM concentrations in the Adventelva River ranged from 137 to 204 
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mg/L over the season with highest values in August. DTotHg concen-
trations in the Adventelva River were highest in May (0.6 ng/L), with 
concentrations of 0.2 and 0.1 ng/L observed in June and August, 
respectively. PartTotHg concentrations increased through the melt 
season, with the highest concentrations measured in August (13 ng/L). 
In general, TotHg in river water samples was highly particle associated, 
with 94, 97 and 99 % of TotHg in the particulate fraction in May, June 
and August respectively. While SPM in the Adventelva River increased 
with discharge, TotHg concentrations showed a seasonal increase from 
April to August even when normalized for SPM (SPM-normalized TotHg 
ranged from 50 to 63 ng/g SPM) (Fig. 2). 

Freshwater inputs to Adventfjorden resulted in strong gradients in 
physicochemical conditions in surface waters. The inner part of 
Adventfjorden (AF1) was characterized by a fresh, turbid surface layer 
in June and July, with salinities as low as 7.26 PSU at 50 cm depth in 
June. The outermost station (IsA) was also freshwater influenced during 
the summer period, especially in July and August with mean salinities of 
31.6 and 32.7 PSU, respectively, in the surface 3 m (Fig. S1 in the 
Supplementary material). Freshwater influenced stations were also 
characterized by relatively high SPM concentrations (22–156 ng/L) and 
molar C:N ratios (9–41), especially in June and July, as well as increased 
concentrations of PartTotHg and DTotHg (Fig. S2 in the Supplementary 
material). DTotHg concentrations exceeded 0.1 ng/L in the surface 
waters of the inner fjord in May, for surface and deep waters from the 
inner (AF1) and mid-fjord (AF2) stations in June, and for a single surface 
water sample from AF2 in August. All other samples had concentrations 
ranging from 0.03 to 0.09 ng/L. Over the study period, PartTotHg 
concentrations in Adventfjorden ranged from 0.06 to 8.1 ng/L with the 
highest values in the inner fjord in June and July. The proportion of 
TotHg present in the particulate phase ranged from 30 to 93 % over the 
season, with the lowest value observed in May at the outermost station 
(IsA) and the highest value observed in July in the inner part of 
Adventfjorden (AF1). Meanwhile, when normalized for SPM, TotHg 

concentrations in surface waters ranged from 1.97 to 85.69 ng/g with 
the highest values recorded in June and July at the innermost station 
(Fig. 2). 

3.2. Zooplankton community 

Calanus spp. dominated the biomass in the largest size fractions 
(500–1000 μm) during the entire study period, except in May when the 
zooplankton size-fractionated samples were dominated by mer-
oplankton (Decapod zoea and Cirripedia nauplii) (Fig. S3 in the Sup-
plementary material.). In the smallest size fractions, Oithona similis 
dominated the biomass in April and August. In August, the “Other” 
category was dominated by copepod nauplii, but also included many 
bivalve and echinoderm larvae, as well as Microcalanus spp., Oithona 
atlantica, Oikopleura, and Pseudocalanus spp.. 

3.3. Stable isotopes 

For POM from the Adventelva River, δ13C values ranged from − 25.4 
to − 26.8 ‰ and δ15N values ranged from 1.5 to 3.3 ‰ over the study 
period (Fig. 3 A&C). In nearby Adventfjorden surface waters, δ13C-POM 
values ranged from − 33.5 to − 22.8 ‰, with values more enriched in 13C 
in May (Kruskal-Wallis p < 0.01; Pairwise Wilcoxon p = 0.02) and more 
depleted in 13C in the outer fjord in April (Fig. 3A). The δ15N values 
ranged from 2.9 to 6.8 ‰ and decreased throughout the study period 
(Kruskall-Wallis; p = 0.02; Fig. 3C). There were no significant differ-
ences between stations sampled the same day, except for δ13C values in 
April, which were lower in outer fjord (Kruskal-Wallis; p < 0.05). 

In addition, there were no significant differences between stations or 
between size-fractions in zooplankton δ13C and δ15N values (Kruskal- 
Wallis, p > 0.1; p > 0.03) for samples collected on the same date. δ13C 
values ranged from − 24.9 to − 17.8 ‰ with values significantly more 
enriched in 13C in May than in April, June, July and August (Kruskal- 

Fig. 2. Scatter plots for selected water chemistry parameters for the Adventelva River (n = 4) and the 3 stations in Adventfjorden (AF1, AF2, and IsA; n = 28 in total). 
River samples were collected from May to August, while seawater samples were collected from April to August. Data shown include: (A) SPM, (B) Molar C:N ratio, (C) 
Chl-a concentration, (D) PartTotHg concentration, (E) DTotHg concentration and (F) TotHg concentration per gram SPM. Data are shown on a log axis. The highest 
SPM concentration observed in July is highlighted with an up arrow and its value. 
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Wallis p < 0.01; Pairwise Wilcoxon p < 0.01) (Fig. 3B). δ15N values 
ranged from 5.8 to 12.3 ‰, and while there were no significant differ-
ences between sampling dates, there was a clear seasonal trend with 
gradually lower δ15N from April to August (Fig. 3D). 

Overall, zooplankton from all stations were enriched in 13C and 15N 
relative to POM for all months. δ13C values in zooplankton samples 
followed the same seasonal trajectory as δ13C of POM with the highest 
values in May and the lowest values in April, July and August 
(Fig. 3B&D; Fig. S4 in the Supplementary material). However, the 
magnitude of the change in stable isotope values for POM was larger 
than the seasonal changes observed for zooplankton. 

3.4. Fatty acid composition of zooplankton 

No significant differences in FA trophic markers were found between 
stations or zooplankton size fractions within the same month of sam-
pling (Kruskal-Wallis, p > 0.05). Across months, however, relatively 
large differences in zooplankton FATM were found (Fig. 4). The 
contribution of the diatom FATM to total lipids in zooplankton peaked in 
May (23 ± 5 %) and then decreased during the following months 
(Fig. 4A). This decrease in diatom FATM was accompanied by an in-
crease in the contribution of dinoflagellate markers in June (36 ± 1 %), 
July (36 ± 2 %) and August (32 ± 1 %) (Kruskal-Wallis, p < 0.01) 
(Fig. 4B). Meanwhile, bacterial FATM, which were high in April (1.6 ±
1 %), showed consistent increases through the melt season from May to 
August (Kruskal-Wallis, p = 0.01), with the highest proportions during 
the run-off season in August (1.7 ± 0.4 %) across all size fractions and 
stations in Adventfjorden (Fig. 4C). Terrestrial FATM proportions 
remained very low and constant during the entire study period ranging 
from 0.03 to 0.6 % (Fig. 4D). The proportion of SFA and MUFA 
decreased significantly (Kruskal-Wallis, p < 0.01) through the summer 
months from 34 % in April to 24 % in August while the proportion of 
PUFA increased and was highest (up to 62 % of total lipids) in June, July 
and August (Kruskal-Wallis, p < 0.01). 

3.5. TotHg and MeHg in zooplankton 

TotHg and MeHg concentrations in zooplankton were not 

significantly different between stations (Kruskal Wallis p > 0.05), or 
between zooplankton size fractions sampled on the same date (Kruskal 
Wallis p > 0.05). TotHg concentration in zooplankton samples ranged 
from 1.3 to 15.1 ng/g, with the lowest values in April (Kruskal-Wallis p 
< 0.01; Pairwise Wilcoxon p < 0.01) (Fig. 5A). MeHg concentration in 
zooplankton samples ranged from 0.02 to 3.9 ng/g, with the lowest 
values in April and May, and the highest values in July and August 
(Kruskal-Wallis p < 0.01; Pairwise Wilcoxon p < 0.01) (Fig. 5B). %MeHg 
ranged from 0.5 to 24 % with highest values in July and August 
(Fig. 5C). 

Hg concentrations in zooplankton were related to water chemistry, 
dietary markers and community composition. TotHg concentrations in 
zooplankton were positively correlated with PartTotHg and DTotHg 
concentrations in surface water, turbidity, as well as dinoflagellate 
FATM and were negatively correlated with salinity. MeHg concentra-
tions and %MeHg in zooplankton were positively correlated with the 
dinoflagellate and bacteria FATM and negatively correlated with the 
diatom marker and δ13C in zooplankton samples. In addition, %MeHg 
was negatively correlated with %meroplankton in each size fraction 
sample (Fig. S5 in the Supplementary material). The PCA further illus-
trated the relationships between TotHg and MeHg concentrations in 
zooplankton and changes in water chemistry and dietary markers. PC1 
explained 47 % of the variability in the dataset and was driven by 
changes in river run-off, with April and May (before run-off) to the left, 
and June, July and August (the melt season) to the right. Concentrations 
of PartTotHg and DTotHg in the water column were strongly correlated 
with PC1, demonstrating the importance of river inputs for delivering 
Hg to Adventfjorden’s surface waters. Furthermore, zooplankton sam-
ples collected in July and August were characterized by relatively high 
MeHg and TotHg concentrations, alongside the observed increases in the 
dinoflagellate dietary marker. PC2 explained 25 % of the variability of 
the dataset and was driven by differences within these two main periods 
of the field season (i.e. before and after the start of river runoff). The 
bacterial FATM was strongly related to the second axis, indicating that 
bacteria are an important food source both during pre-spring bloom and 
late-summer conditions (Fig. 6). 

Fig. 3. Stable isotope (δ13C and δ15N) values for POM (A&C, Fjord n = 28; 
River n = 4) and size fractionated bulk zooplankton samples (B&D, n = 34; 
zooplankton size fractions are represented by symbols) collected in the 
Adventelva River and at the 3 stations in Adventfjorden from April to 
August 2018. 

Fig. 4. Boxplots for FATM, including (A) Diatom (16:1n-7 + 20:5n-3), (B) 
Dinoflagellates (

∑
C18PUFA + 22:6n-3), (C) Bacteria (

∑
Odd-chain) and (D) 

Terrestrial material (22:0 + 24:0) in size-fractionated zooplankton samples (n 
= 24; zooplankton size fractions are represented by symbols) collected at the 3 
stations in Adventfjorden from April to August 2018. 
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Fig. 5. Boxplots of Hg concentrations for zooplankton samples (TotHg n = 28; MeHg n = 33; zooplankton size fractions are represented by symbols) collected at the 3 
stations in Adventfjorden from April to August 2018. Data shown include (A) TotHg, (B) MeHg and (C) %MeHg in zooplankton samples. 

Fig. 6. Principal component analysis (PCA) based on TotHg, MeHg and %MeHg in zooplankton as well as δ13C, SFA, MUFA, FATM (for bacteria, dinoflagellates, 
diatoms and terrestrial material) in zooplankton (n = 25). Salinity, turbidity, SPM, as well as DTotHg and PartTotH in water samples, are included as passive vectors 
(in blue). The two first components explained 72 % of the total variance. Dots represent the average score of zooplankton samples, whereas arrows represent the 
direction of importance for the measured parameter in separating the samples. 
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4. Discussion 

4.1. Freshwater influence in Adventfjorden 

Freshwater inputs from the Adventelva River had a strong impact on 
physicochemical conditions in fjord surface waters during the summer 
months. The freshwater footprint in Adventfjorden was characterized by 
low salinity and high turbidity as well as high concentrations of SPM. 
This fresh, turbid surface layer was extensive in June, July and August, 
and was detectable even at the outermost sampling station IsA (~ 7 km 
from the river mouth). The high suspended sediment loads associated 
with river run-off rapidly attenuate light needed for photosynthesis 
(Retamal et al., 2008; Hessen et al., 2010; McGovern et al., 2020a), and 
thus can negatively impact marine phytoplankton production (Retamal 
et al., 2008; Hessen et al., 2010). In addition, these freshwater inputs can 
also transport terrestrially-derived organic carbon and Hg from catch-
ment soils to coastal surface waters (Schuster et al., 2011; Zolkos et al., 
2020). The distinctly terrestrial C:N ratio and δ13C values in the POM, 
and the strong correlations between high turbidity and increased con-
centrations of DTotHg (Spearman’s rank correlation coefficient 0.5; p- 
value <0.01) and PartTotHg (Spearman’s rank correlation coefficient 
0.7; p-value <0.01) in surface water during the run-off period, in 
addition to very low salinity (ranging from 0.18 to 15.7 PSU, Fig. S1 in 
the Supplementary material), demonstrates that inputs from the 
Adventelva River are a source of Hg to the fjord, and have the potential 
to affect zooplankton food-sources and contaminant exposure. 

4.1.1. Effects of river inputs on POM composition in Adventfjorden 
POM composition in Adventfjorden varied through the summer melt 

season. Changes in C:N ratios and stable δ13C and δ15N values of the 
POM suggest a transition from detritus and heterotrophs in the pre- 
bloom phase to phytoplankton during the spring bloom in May, fol-
lowed by a strong contribution of terrestrial particles when river 
discharge increased during the late summer period. 

Since Adventfjorden is a relatively small fjord (~7 km from the river 
outlet to the fjord mouth), the river plume impacts the entire fjord at 
certain times of the year such as during peak runoff, (after rainstorms 
and/or melting events) leading to the dispersal of terrestrial matter 
throughout the entire fjord (Walch et al., 2022). This is consistent with 
our finding that seasonal changes in POM overwhelmed spatial differ-
ences within the fjord, which highlights the dynamic nature of this 
estuarine system. 

In this study, April represents pre-bloom conditions in Adven-
tfjorden, when the coast was icy but the fjord (including the inner fjord) 
was ice free. Degradation of organic material by bacteria can lead to 
increased δ15N of POM, since consumers are enriched in δ15N relative to 
their diet (Hoch et al., 1996; Søreide et al., 2006) and pelagic POM from 
detritus-rich waters also tends to be enriched in δ15N (Søreide et al., 
2006). Thus, the high δ15N values in the water column in April (ranging 
from 4.4 to 6.8 ‰) indicate that POM was mainly composed of hetero-
trophic organisms and detritus at this time. 

In May, stable isotope composition of POM reflected the presence of 
phytoplankton in the water column from the diatom dominating spring 
bloom, which peaked 10 days before the sampling in May. The Adven-
telva River was open and running in May, but water levels were low and 
the water was clear (N. Carrasco, pers. obs.). Thus, these inputs were not 
observed in the carbon signatures in Adventfjorden, where surface water 
DOM (McGovern et al., 2020a) and POM (this study) characteristics 
were dominated by marine phytoplankton with δ13C ranging from 
− 25.6 to − 22.8 ‰ (bloom timing date based on Nyeggen (2019)), which 
typically are more enriched compared to terrestrial carbon sources (De 
La Vega et al., 2019). These high δ13C values, together with increases in 
Chl-a concentrations from April to May (from 0.1 ± 0.06 μg/L in April to 
0.6 ± 0.2 μg/L in May) and relatively low molar C:N ratios (ranging 
from 4.5 to 13 in May) confirm that phytoplankton dominated the POM 
at this time. Low C:N ratios are typically observed where phytoplankton 

contribution to the POM is high, and where N is not limiting (Bates et al., 
2005; Søreide et al., 2006). In contrast, high C:N ratios are typical of 
systems strongly influenced by terrestrial organic matter inputs 
(Koziorowska et al., 2016). Thus, the increase in C:N ratio from May to 
June, that we observed in Adventfjorden POM can be attributed to in-
creases in turbid freshwater inputs. POC:Chl-a ratio which is also used to 
identify POM samples dominated by marine phytoplankton (Liénart 
et al., 2017), followed the same trend as C:N ratio, with the highest 
values in June and July inner fjord (3400 and 8300 respectively) and 
lowest values in April and May (ranging from 231 to 1600). 

Freshwater inputs from the Adventelva River in June, July and 
August were rich in terrestrial sediments and organic matter. The high 
POM C:N ratios observed in surface waters from the inner fjord in June 
and July in addition to the lower δ15N and δ13C values in POM in June, 
July and August (similar to riverine values), suggest a much greater 
contribution of terrestrial particles to the POM during peak river 
discharge. The relatively consistent Chl-a concentrations across stations 
and dates, despite very low light availability in the inner fjord during the 
summer months, likely reflects the delivery of marine-advected phyto-
plankton to Adventfjorden throughout the summer (as also observed by 
Kubiszyn et al., 2017). 

4.1.2. Effects of river inputs on Hg concentration in Adventfjorden 
The Adventelva River was an important source of Hg to Adven-

tfjorden during the summer period. DTotHg concentrations in river 
water were lower than concentrations found in several major Arctic 
rivers, including the Yenisei, Ob, Lena and Mackenzie rivers (Adventelva 
River: 0.3 ± 0.3 ng/L; Yenisei: 0.65 ng/L; Ob: 1.31 ng/L; Lena: 2.19 ng/ 
L and Mackenzie: 1.61 ng/L; Coquery et al., 1995; Leitch et al., 2007; 
Outridge et al., 2008; Søndergaard et al., 2012). PartTotHg concentra-
tions in the Adventelva River (ranging from 7 to 13 ng/L) increased over 
the summer season from May to August, and were overall higher than 
concentrations found in other Arctic rivers (Mackenzie: 3.68 ng/L, 
Nelson: 0.33 ng/L, Hayes 1.07 ng/L; Hare et al., 2008; Leitch et al., 
2007; Søndergaard et al., 2012). However, when normalized by SPM, 
TotHg concentrations fall within the range observed in these rivers 
(Adventelva River: 58 ± 7 ng/g; Yenisei: 66 ng/g; Ob: 53 ng/g; Lena: 
140 ng/g and Mackenzie: 13 ng/g; Outridge et al., 2008; Coquery et al., 
1995; Leitch et al., 2007). 

The main source of Hg to the Adventelva River is atmospheric 
deposition in the catchment following long-range transport (Halbach 
et al., 2017; Aslam et al., 2019). However, local Hg deposits may have 
been created in the beginning of the 20th century when Longyearbyen 
was one of several coal mining camps in Svalbard (Hoel, 1938). Higher 
concentrations have been reported in the vegetated layer compared to 
the deeper soil horizons (Aslam et al., 2019), strongly related to organic 
matter concentrations (Halbach et al., 2017; Kim et al., 2020). The 
observed seasonality in Hg concentrations in river water samples reflects 
these seasonal changes in organic carbon concentrations. DTotHg con-
centrations in the Adventelva River were highest during the snowmelt 
period in May, when DOC concentrations were 10-fold higher than in 
June and August (McGovern et al., 2020a). Previous studies from Arctic 
rivers have highlighted the importance of spring freshet in delivering 
DOM (Amon et al., 2012; Kaiser et al., 2017) as well as DOM-associated 
Hg as meltwater follows shallow flow paths through the catchment to 
the river (Zhang et al., 2015). In addition, snowmelt may be a source of 
atmospheric Hg. Studies from Ny-Ålesund have demonstrated that 
snowfall is an important vector of Hg deposition on Svalbard, and that 
during snow-melt in springtime, reactive Hg takes a more stable form as 
it interacts with organic matter, and that the melting process may be an 
important avenue for atmospheric Hg to enter aquatic systems (Ferrari 
et al., 2008). In contrast to Hg in the dissolved phase, PartTotHg con-
centrations were higher later in the summer, with a peak in July, likely 
increasing with POC concentrations as the active layer deepens and 
erosional transport from the catchment increases. 

Hg concentrations in fjord surface waters reflected the trends in 
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riverine inputs, suggesting that the river was a main source of Hg to the 
fjord, as it is the case for much of the coastal Arctic (Zolkos et al., 2020) 
where Hg concentrations in surface water demonstrate strong season-
ality linked to seasonal ice melt and river inputs from large Arctic rivers 
(Dastoor et al., 2022; Emmerton et al., 2013; Leitch et al., 2007). After 
the pulse of snowmelt DTotHg in May, the TotHg pool was dominated by 
PartTotHg (0.1–8.1 ng/L) through July and August. This is likely due to 
the low concentrations of DOC in the Adventelva River later in the 
season, when the dominant form of OM is particulate. Indeed, most 
riverine Hg is transported to the ocean associated with particles (Liu 
et al., 2021; Sonke et al., 2018; Emmerton et al., 2013; Schuster et al., 
2011). In Adventfjorden surface waters, %PartTotHg concentrations 
ranged from 41 % to 93 % over the summer, which are similar values to 
those reported for other river influenced coastal areas such as the 
Mackenzie Delta (ranging from 66 % to 74 %; Leitch et al., 2007). 
However, during the early part of the season, when river inputs are 
extremely low, Hg in seawater is much more likely to be derived from 
long-range atmospheric and oceanic transport of Hg. The mean Hg 
concentration found in the core water of the West Spitsbergen Current 
(0.80 ± 0.26 pM ~ 0.16 ng/L) (Petrova et al., 2020) is in the same range 
as aqueous Hg values found in Adventfjorden in April and the outer fjord 
over the summer period (0.1–0.2 ng/L). 

4.2. Seasonal variability in zooplankton diet and Hg contamination 

Based on FATM (Figs. 4 & 6), we observed a shift in zooplankton diet 
over the study period. In April, the relatively high proportion of SFA 
(31.9 ± 3.8 %), MUFA (36.9 ± 1.9 %) and bacteria markers (1.65 ± 0.9 
%), suggest that zooplankton were mainly feeding on heterotrophs. 
Then in May, during the bloom, they mainly relied on diatoms (23.11 ±
5.1 %). During the summer period from June to August, zooplankton 
continued to mainly feed on phytoplankton, this is reflected in the 
relatively high proportion of dinoflagellates and PUFA markers over this 
period (ranging respectively from 31.8 to 38.30 %; and from 40.8 to 
62.2 %). In addition, terrestrial carbon source as well as bacteria were 
detected in their diet during the river runoff as observed with the in-
crease of terrestrial and bacteria markers over the summer (ranging 
respectively from 0.07 to 0.6 %; and from 0.6 to 2.4 %). 

Our observations of utilization of terrestrial energy sources by fjord 
zooplankton during the main river discharge period are consistent with 
other studies that have shown the use of terrestrial carbon by coastal 
biota (Bell et al., 2016; Harris et al., 2018; McGovern et al., 2020b). 
Zooplankton can take up terrestrial OM either directly or indirectly 
through the microbial loop, whereby organic matter from river inputs is 
utilized by bacteria, which are grazed on by ciliates, heterotrophic 
nanoflagellates and rotifers, and then transferred to larger zooplankton 
(Rysgaard and Nielsen, 2006; McMeans et al., 2015). 

When studying an ecosystem with several carbon sources (e.g. ma-
rine vs. terrestrial), it is important to consider the strong variability in 
δ13C and δ15N at the base of the food web (Post, 2002). In this study, the 
similar seasonality in δ13C and δ15N for zooplankton and POM suggests 
that the bulk POM changes from a strong contribution of heterotrophs 
(April) to phytoplankton (May–June) to terrestrial particles (July–Au-
gust) are mirrored in the zooplankton. Indeed, δ13C values in 
zooplankton found in May–June correspond to previously reported 
values of zooplankton feeding on phytoplankton (i.e. diatoms with δ13C 
values ranging from − 19 ‰ to − 15 ‰) (Post, 2002; Fry and Wainwright, 
1991) (which is also consistent with FA markers), whereas δ13C values in 
zooplankton found in July–August suggest a diet mixing dinoflagellates 
with a lower δ13C value (ranging from − 22 ‰ to − 20 ‰) (Fry and 
Wainwright, 1991) than diatoms (Brandenburg et al., 2022), and 
terrestrial material with δ13C values typically around − 28 ‰ (Kuzyk 
et al., 2010). The larger magnitude of the change in stable isotope values 
for POM than in zooplankton samples can partly be explained by the 
longer tissue turnover time for marine invertebrates than, for example, 
phytoplankton or bacteria, leading to a delayed response to changes in 

the δ13C and δ15N relative to their prey. But it also can be explained by 
the fact that zooplankton can buffer against a shift from phytoplankton 
dominating the POM to terrestrial particles dominating the POM 
through selective feeding. The enrichment in δ13C of zooplankton rela-
tive to POM over the study can be explained by the fact that POM is a 
mix of detritus, phytoplankton, heterotrophs, and bacteria (Rau et al., 
1990), while many zooplankton taxa are selective feeders (DeMott, 
1988; Paffenhöfer, 1988) and preferably feed on higher δ13C sources 
such as phytoplankton (Søreide et al., 2006). Although lipid correction 
of δ13C values in zooplankton was applied in order to limit the effect of 
seasonal and interspecific differences in lipid concentration, this method 
may have led to over-enrichment in May samples when meroplankton 
(with lower lipid content) were dominant, compared to July and August 
when Calanus sp. dominated the zooplankton samples. 

The seasonal variation in zooplankton community structure 
described in this study, is a typical pattern also observed in other coastal 
areas in Svalbard (Walkusz et al., 2009; Lischka and Hagen, 2016), with 
some species being present throughout the sampling period (e.g. Calanus 
spp.). All zooplankton samples were largely dominated by species 
known to be mainly herbivorous and omnivorous. The largest size 
fraction (> 500 μm) was dominated by Calanus spp. during the entire 
study period (except in May, when it was dominated by decapod zoea). 
Calanoid copepods, which are known to be selective suspension feeders, 
have been found to include terrestrial energy sources in their diet in 
freshwater systems when phytoplankton availability is low relative to 
allochthonous particles (Berggren et al., 2014; Poste et al., 2019) and 
this may also occur in the marine environment. The use of allochthonous 
energy sources rather than phytoplankton during the summer months 
may have implications for Hg bioaccumulation and biomagnification in 
zooplankton because it is a lower quality food source and is associated 
with higher Hg contamination (Hiltunen et al., 2019; Jonsson et al., 
2017). Further, the microbial food web has more trophic levels, and 
therefore allows for increased biomagnification (Jonsson et al., 2017). 

Zooplankton samples dominated by Calanus spp. (> 500 μm) 
collected in June, July and August displayed lower mean TotHg and 
MeHg concentrations (9.1 ± 1.1 ng/g and 1.5 ± 1.0 ng/g respectively) 
compared to Calanus spp. samples collected in pan-arctic coastal and 
open marine systems, such as the Laptev Sea, the Hudson Bay, the Ca-
nadian Arctic Archipelago, the southern Beaufort Sea, the Chukchi Sea, 
or the Northern Baffin Bay with mean TotHg and MeHg concentrations 
ranging from 7 to 32 ng/g and from 3 to 11 ng/g respectively (Loseto 
et al., 2008; Foster et al., 2012; Pomerleau et al., 2016). They also dis-
played much lower mean TotHg and MeHg concentrations compared to 
Gammarus setosus sampled in the inner area of Adventfjord influenced by 
Adventelva River discharge in the same period (Hg: 20.2 ± 2.9 ng/g dw; 
MeHg: 5.8 ± 4.6 ng/g dw) (Skogsberg et al., 2022). The proportion of 
Hg present as MeHg (%MeHg) in zooplankton from Adventfjorden (10 
± 7 %) was much lower than values reported from Hudson Bay for 
Calanus spp. (24 ± 16 %) and the Southern Beaufort Sea (42 ± 16 %) 
(Pomerleau et al., 2016), but in the same range as the Baffin Bay (7.5 %; 
Campbell et al., 2005) and the Barents Sea (6–9 %; Joiris et al., 1995). 
The relatively low %MeHg values may reflect mainly exposure to inor-
ganic mercury delivered from land. 

The lack of a spatial gradient in zooplankton TotHg and MeHg 
concentrations across the fjord can be explained by fjord dynamics, with 
water currents, tides and advection processes moving zooplankton 
around the fjord. 

Seasonal changes in Hg in zooplankton could be attributed to several 
potential main drivers: 1) changes in zooplankton community compo-
sition (including changes in developmental stages), 2) changes in 
zooplankton diet, and 3) changes in abiotic Hg concentrations. The in-
crease of Hg in zooplankton over the study period could be explained by 
a shift in developmental stages within zooplankton communities, with 
older stages displaying higher concentration in TotHg than younger 
stages. Among Calanus spp. individuals, seasonal variability was 
observed in the proportion of developmental stages, with a higher mean 
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proportion of CV stages in July and August (70 ± 26 % and 79 ± 12 % 
respectively) than during the previous months (43 ± 32 % in June and 
50 ± 20 % in April) and a decrease in the mean proportion in CIV stages 
present from June to August (45 ± 26 %, 24 ± 19 % and 13 ± 8 % 
respectively). However, published data on Hg accumulation dynamics 
by developmental stage for zooplankton are rare, likely in part due to 
concurrent changes in diet and/or growth dynamics that are also likely 
to impact Hg concentrations. 

Diet is the most important pathway for TotHg uptake by zooplankton 
(Lawson and Mason, 1998; Lee and Fisher, 2017; Schartup et al., 2018). 
Although in this study phytoplankton (diatoms in May and di-
noflagellates during the summer) was the main food source for 
zooplankton, even during the main river discharge period, several 
studies have observed that in estuarine locations influenced by terres-
trial organic matter inputs, MeHg uptake by phytoplankton may be 
reduced due to strong sorption of MeHg to terrestrial organic matter 
with low bioavailability (Schartup et al., 2015a, 2018). Thus, 
zooplankton may have taken up MeHg from another diet source. The 
ingestion of heterotrophic organisms can increase MeHg bio-
accumulation in microzooplankton, mesozooplankton and macro-
zooplankton (Kainz et al., 2006; Pomerleau et al., 2016). In addition, 
several studies in boreal lakes (Poste et al., 2019; Wu et al., 2019) and 
estuaries (Jonsson et al., 2017) have described how terrestrial inputs can 
enhance MeHg concentration in water and in zooplankton that include 
terrestrial energy sources in their diet. In this study, the relatively high 
proportion of heterotrophic dietary markers in zooplankton with higher 
terrestrial and bacterial dietary markers during the summer period, in 
addition to the low δ13C values observed in July and August and the 
positive correlation with the dinoflagellate and bacteria FATM suggest 
that direct and indirect terrestrial carbon source (uptake of terrestrial 
POC and uptake of bacteria relying on terrestrial DOC respectively) 
included in zooplankton diet may explain the increase in Hg 

concentration over the summer (Fig. 7). 
The earlier increase in TotHg concentration in zooplankton 

compared to MeHg, in addition to the relatively low %MeHg ratio in 
May and June compared to the summer, could be explained by rivers 
bringing large amounts of inorganic Hg in melt water and thus 
increasing zooplankton exposure to inorganic Hg. This is consistent with 
the positive correlation between the TotHg concentration in 
zooplankton with surface water turbidity, PartTotHg and DTotHg con-
centrations. The delayed increase of MeHg concentrations and the 
highest %MeHg in July and August, could be explained by an increased 
exposure to MeHg due to higher methylation during summer, where 
fresh organic matter (including from marine phytoplankton), river in-
puts of inorganic Hg, and higher temperature can promote methylation 
in the water column (Schuster et al., 2011; Schartup et al., 2015b). In 
addition to dietary uptake of MeHg, zooplankton are also known to 
accumulate MeHg via diffusion from the surrounding water, with some 
studies indicating that diffusion can account for 10–20 % of total uptake 
(Kim and Burggraaf, 1999; Lee and Fisher, 2017). Therefore, while 
TotHg concentrations in zooplankton in our study seemed to be more 
strongly linked to river inputs, our results suggest that MeHg concen-
trations may be more strongly driven by zooplankton developmental 
stage- and diet. This is also supported by the negative correlation be-
tween MeHg concentration and δ13C in zooplankton samples and the 
positive correlation between DTotHg in water samples and TotHg con-
centration in zooplankton samples. 

In the context of climate change, warmer air temperatures will lead 
to accelerated permafrost thaw and increased frequency of high river 
flow events, with more Hg and carbon mobilized and released into Arctic 
rivers and estuaries, as well as water temperature increase leading to 
faster methylation rates (Yang et al., 2016). This will increase Hg and 
MeHg exposure to zooplankton in coastal waters. Increased river 
discharge may also increase turbidity in estuaries, promoting microbial 

Fig. 7. Conceptual figure summarizing shifts in zooplankton community structure from April to August 2018 alongside changes in zooplankton fatty acid trophic 
markers (FATM) and concentrations of Hg. 
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activity, rather than phytoplankton production, thus increasing food 
chain length, altering food quality at the food web base and potentially 
enhancing Hg bioaccumulation and biomagnification. However, it re-
mains challenging to assess the potential net impacts of co-occurring 
changes in Hg exposure, productivity, plankton community structure, 
and food web interactions on Hg concentrations in Arctic coastal 
zooplankton, in particular given the additional complexity associated 
with the strong seasonality characteristic of Arctic terrestrial and marine 
ecosystems. 

5. Conclusion 

Given the expected increases in river discharge, including the 
transport of Hg from permafrost catchments to coastal areas, there is a 
need for understanding how terrestrial inputs are likely to affect uptake 
and trophic transfer of Hg in marine food webs. Our results indicate that 
river inputs can lead to increased Hg exposure for coastal food webs, 
while utilization of terrestrial and heterotrophic carbon sources by 
zooplankton during the main discharge period may be linked to 
increased bioaccumulation of Hg. This study, by following zooplankton 
through the summer melt season, highlights the effects of river runoff on 
surface water physicochemistry, zooplankton diet, and the bio-
accumulation of TotHg and MeHg in Arctic coastal waters, while also 
demonstrating the importance of high resolution temporal studies for 
understanding Hg dynamics in highly seasonal Arctic coastal food webs. 
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