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Abstract 25 

Seasonal cycles of primary production and freshwater run-off contribute to elevated particulate 26 

matter fluxes of marine and terrestrial origin in fjords. In Norwegian fjords, aquaculture 27 

operations and jellyfish carcasses may further enhance these particulate matter fluxes. In this 28 

study, sediment traps were deployed in four Norwegian fjords (Lurefjorden, Masfjorden, 29 

Hardangerfjorden and Kaldfjorden) to quantify seasonal variations in downward particle fluxes 30 

and to investigate the contribution of aquaculture operations to these fluxes. Sediment traps were 31 

deployed in Lurefjorden, a fjord heavily populated by the deep-sea coronate medusae Periphylla 32 

periphylla, in Masfjorden, a nearby fjord without mass occurrence of P. periphylla, in 33 

Hardangerfjorden, a fjord with high density of salmon farms, and in Kaldfjorden, a northern 34 

fjord also hosting aquaculture activities. Measurements of total particulate matter (TPM), 35 

particulate organic carbon (POC), chlorophyll a (chl a), and diatom fluxes indicated the export of 36 

a diatom bloom starting in March or April and a large input of land-derived inorganic matter 37 

during rain and snowmelt events in all fjords sampled. The highest annual POC flux was 38 

recorded in the nearly landlocked Lurefjorden. In Hardangerfjorden, export fluxes suggested a 39 

local impact of aquaculture operations but freshwater run-off and water exchange had a larger 40 

influence on export fluxes than the release of aquaculture waste. In Kaldfjorden, nearly absent 41 

TPM, POC, chl a, and diatom fluxes in late spring-early summer suggested that strong 42 

stratification prevented the export of particulate matter to depth. Overall, sediment trap-derived 43 

fluxes reflected the spatial and temporal variations in the sources of particulate matter in 44 

Norwegian fjords. 45 

 46 
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1. Introduction 49 

A recent global compilation of organic carbon concentrations in marine sediments has identified 50 

fjords as important sites for CO2 sequestration, with organic carbon burial rates from marine and 51 

terrestrial sources twice as large in fjords as the global ocean average (Smith et al., 2015). Fjord 52 

topography influences the relative contribution of marine and terrestrial organic carbon exported 53 

to the sediments, with a larger proportion of terrigenous organic carbon deposited in the inner 54 

fjord and of marine organic carbon deposited in the outer fjord (Faust et al., 2014; Faust and 55 

Knies, 2019). The input of terrigenous organic carbon depends on drainage area, fjord surface 56 

area and freshwater supply from river run-off, the latter controlled by continental precipitation 57 

and temperature, whereas the input of marine organic carbon depends on the inflow of oceanic 58 

waters (Faust et al., 2014). In boreal fjords in Norway, high inflow of relatively warm and 59 

nutrient‐rich Atlantic Water often leads to high fractions of marine organic carbon in sediments 60 

(Faust et al., 2014; Faust and Knies, 2019), and marked temporal variations in carbon export 61 

associated with the seasonal cycle of marine production have been reported (e.g. Gulliksen, 1982; 62 

Wassmann, 1984; Lalande et al., 2016a). However, a lack of knowledge remains on the spatial and 63 

temporal variations in the magnitude and composition of particle fluxes exported to seafloor 64 

sediments. 65 

 66 

In Norway, aquaculture operations and jellyfish blooms have been reported as additional organic 67 

carbon sources contributing to the export of particulate matter in fjords. Open-net aquaculture of 68 

Atlantic salmon (Salmo salar) is a major industry in Norwegian fjords, where approximately 1.3 69 

million tons have been produced annually since 2013 (Taranger et al., 2014; Valdemarsen et al., 70 

2015; Grefsrud et al., 2018). Salmon production in floating open-net cages releases nutrients and 71 

particulate waste products into the surrounding environment, leading to enhanced export fluxes 72 
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of particulate matter and in many cases negatively impacting benthic biodiversity and ecosystem 73 

function near fish farms (Findlay et al., 1995; Macleod et al., 2004; Kutti et al., 2007; 74 

Valdemarsen et al., 2012; Bannister et al., 2014; Husa et al., 2014a; Husa et al., 2014b; 75 

Sweetman et al., 2014a; Samuelsen et al., 2015; Johansen et al., 2018). A further source of 76 

organic material comes from the mass occurrences of jellyfish that have recently been observed 77 

more frequently in some Norwegian fjords (Aksnes et al., 2009; Bozman et al., 2018; Halsband 78 

et al., 2018). The deposition of hundreds of jellyfish carcasses at the seafloor has been identified 79 

as a substantial input of carbon (Billett et al., 2006; Lebrato and Jones, 2009; Sweetman and 80 

Chapman, 2011; Sweetman and Chapman, 2015). This carbon source has been shown to be 81 

rapidly utilized by benthic and demersal communities (Sweetman et al., 2014b) and can 82 

significantly alter benthic food web structure and function (Sweetman et al., 2016). Both 83 

aquaculture operations and jellyfish blooms, and the organic waste which they produce, are 84 

considered likely to continue and even potentially increase in Norwegian fjords (Sweetman and 85 

Chapman, 2015), thus affecting the functioning of fjord ecosystems in the coming years.  86 

 87 

The main objective of the present study was to determine the rarely estimated quantity and 88 

composition of the particulate matter exported toward the seafloor in Norwegian fjords, with a 89 

focus on the particulate matter associated with marine production. To evaluate seasonal 90 

variations in downward particle fluxes, moored sediment traps were deployed ~55 m above 91 

seafloor in four fjords to continuously collect sinking particles and zooplankton entering the trap 92 

over several months. Sediment trap-derived fluxes obtained in fjords with salmon aquaculture 93 

operations were also used to estimate the impact of this organic stressor on particulate matter 94 

fluxes. 95 

 96 
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2. Material and methods 97 

2.1 Study areas 98 

The studied fjords were selected based on the absence (Masfjorden; control fjord) or presence of 99 

jellyfish (Lurefjorden) and aquaculture operations (Hardangerfjorden and Kaldfjorden). The 100 

selected fjords were located in western Norway near Bergen (Lurefjorden, Masfjorden, and 101 

Hardangerfjorden) and in northern Norway near Tromsø (Kaldfjorden; Fig. 1).  102 

 103 

Lurefjorden is a ~20 km long, 2 km wide, and nearly landlocked fjord located north of Bergen 104 

(Fig. 1; Table 1). The fjord has a maximum depth of 440 m and connects to the North Sea 105 

through a relatively shallow, 20 m deep and 200 m wide inlet. The cosmopolitan coronate 106 

scyphozoan Periphylla periphylla, or helmet jellyfish, has been observed in Lurefjorden since 107 

the late 1940s, and a population explosion in the early 1970s led to a permanent mass occurrence 108 

recently estimated to exceed 50 000 t (Fosså, 1992; Eiane et al., 2002; Sørnes et al., 2007; 109 

Sweetman and Chapman, 2011; Bozman et al., 2018).  110 

 111 

North of Bergen and near Lurefjorden, Masfjorden is a 20 km long, 0.5-1.5 km wide fjord, with a 112 

maximum depth of ~500 m and a 75 m deep sill connecting the fjord to the outer coastal waters 113 

through Fensfjorden (Giske et al., 1990; Fig. 1b). Masfjorden has a similar topography to 114 

Lurefjorden but lacks the dense populations of P. periphylla and was therefore chosen as a 115 

control fjord. 116 

 117 

Hardangerfjorden is located south of Bergen and is 180 km long, 2-10 km wide, and 900 m deep, 118 

making it the second largest fjord in Norway and one of the largest and deepest fjords in the 119 

world (Pagès et al., 1996; Husa et al., 2014b; Skaala et al., 2014; Fig. 1c). The fjord is strongly 120 
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influenced by freshwater run-off from several large rivers, the surrounding mountains, and the 121 

Folgefonna glacier. Total annual fish production from aquaculture has steadily increased in the 122 

past decades, and Hardangerfjorden now has one of the highest density of salmon farms in 123 

Norway, with a production that exceeded 80 000 t in 2011, equivalent to ~10 000 times the 124 

biomass of wild Atlantic salmon in the fjord (Husa et al., 2014a; Husa et al., 2014b; Skaala et al., 125 

2014).  126 

 127 

Located near Tromsø, Kaldfjorden is a ~16 km long and ~200 m deep fjord connecting to the 128 

Norwegian coastal waters through Vengsøyfjorden (Fig. 1). Kaldfjorden is characterized by a 129 

shallow basin in the inner part of the fjord and supports one fish farm in Blåmannsvika. Episodic 130 

jellyfish blooms have been recorded in Kaldfjorden (Halsband et al., 2018). 131 

 132 

2.2 Sediment trap deployments 133 

Moored sediment traps (Mark 78H, McLANE Research Laboratories Inc., USA) were deployed 134 

~55 m above seafloor from November 7, 2015 to August 20, 2016 in Lurefjorden and 135 

Masfjorden, from August 25, 2016 to June 24, 2017 at two sites in Hardangerfjorden, and from 136 

September 10, 2017 to July 10, 2018 at two sites in Kaldfjorden (Fig. 1; Table 1). In 137 

Hardangerfjorden, traps were deployed 100 m and 500 m away from a fish farm (Fig. 1). The 138 

salmon biomass in the fish farm reached a maximum of 1500 t before the fish farm was emptied 139 

in February 2017 and smolt (fish weighing ~150 g) were added in April 2017. In Kaldfjorden, 140 

the sediment traps were deployed in the inner and outer parts of the fjord (Fig. 1). For all 141 

deployments, sediment traps were programmed to collect samples at intervals ranging from 13 to 142 

20 days. Collection cups were filled with filtered seawater adjusted to a salinity of 50 with NaCl 143 

to increase the density of the solution and poisoned with borax-buffered formalin (4% final 144 
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solution) to preserve samples during deployment and after recovery. Despite a successful 145 

rotation in Masfjorden, the sediment trap funnel was suspected to have clogged due to tree leaves 146 

in April 2016 and half the sample cups remained empty. In addition, one sample cup from 147 

Lurefjorden was lost during shipment of the samples to the laboratory.  148 

 149 

2.3 Laboratory analyses 150 

In the laboratory, sample cups were gently shaken before subsamples (0.1 to 3 ml) were taken 151 

with a modified micropipette to include the collection of large particles for measurements of 152 

chlorophyll a (chl a), algal cells, total particulate matter (TPM), and particulate organic carbon 153 

(POC). Subsamples for chl a measurements were filtered onto GF/F filters (0.7 μm), extracted in 154 

acetone for 24 hrs at -20°C, and measured on a Turner Design fluorometer following the 155 

methods outlined in Welschmeyer (1994). Samples were kept cool and in the dark as much as 156 

possible prior to chl a measurements but may have experienced some degradation, due in part to 157 

their preservation in a formalin solution. For the enumeration of algal cells, subsample volumes 158 

were adjusted to 3 ml with filtered seawater when needed before being placed in an Utermöhl 159 

chamber. A minimum of 300 cells were counted and identified to the lowest taxonomic level 160 

possible by inverted microscopy at 100X, 200X or 400X depending on cell size according to the 161 

Utermöhl method (Utermöhl, 1931). Empty microalgal cells (without chloroplasts) were 162 

distinguished from intact, living cells (with chloroplasts). Subsamples for the identification of the 163 

zooplankton actively entering the collection cups (swimmers) were sieved to remove sandy 164 

particles before observation. Swimmers were then removed with forceps and identified to the 165 

lowest taxonomic level possible using a dissecting microscope. Subsamples for TPM 166 

measurements were filtered onto pre-combusted (500°C overnight) and pre-weighed GF/F filters 167 

(0.7 μm), rinsed with distilled water to remove salt, dried at 60°C overnight, and weighed on a 168 
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microbalance. The same filters were then exposed to 1N HCl fumes overnight to remove 169 

inorganic carbon and dried once again at 60°C overnight before encapsulation for POC 170 

measurements on a Perkin Elmer CHNS 2400 Series II elemental analyzer. All measurements 171 

were converted to daily fluxes (m-2 d-1) depending on subsample volume, trap area, and sampling 172 

period, and daily fluxes were integrated to annual fluxes (m-2 yr-1). Due to the short collection 173 

period because the trap apparently clogged after five months, annual fluxes were not calculated 174 

for Masfjorden.  175 

 176 

3. Results 177 

3.1 TPM and POC fluxes 178 

In the P. periphylla-dominated Lurefjorden, TPM and POC fluxes were relatively constant 179 

throughout the deployment, with slightly lower fluxes recorded from mid-January to the end of 180 

March, and no carcasses of P. periphylla collected in the trap (Fig. 2). Daily TPM and POC 181 

fluxes were also relatively constant in Masfjorden before the funnel clogged at the end of March. 182 

In Hardangerfjorden, wintertime TPM fluxes reached ~2 g m-2 d-1 and POC fluxes reached ~85 183 

mg C m-2 d-1 in the trap 100 m away from the fish farm, while TPM and POC fluxes were nearly 184 

absent for the same period in the trap 500 m away from the fish farm. Daily TPM and POC 185 

fluxes increased rapidly to values >4 g m-2 d-1 and >200 mg C m-2 d-1 in late March at the site 186 

500 m away from the farm but remained steady at values <1 g m-2 d-1 and ~30 mg C m-2 d-1 at the 187 

site 100 m away from the farm. Enhanced TPM and POC fluxes were observed from the end of 188 

April until the end of the deployment in June at both sites in Hardangerfjorden (Fig. 2). In 189 

Kaldfjorden, elevated TPM and POC fluxes were recorded at the beginning of both deployments, 190 

decreased in November and December and increased again in January, especially in the inner 191 

fjord (Fig. 2). POC fluxes abruptly decreased to near zero in April and remained virtually absent 192 
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until the end of the deployments in July. At the inner fjord site, TPM fluxes rapidly increased to 193 

4 g m-2 d-1 in April but were soon nearly absent in late April-early May. TPM fluxes increased 194 

again for several weeks to >2 g m-2 d-1 and then abruptly declined to near zero from early June to 195 

the end of the deployment in July. A similar pattern to the inner fjord site with a ~two-week 196 

delay was recorded at the outer fjord site, with TPM fluxes increasing in early April, decreasing 197 

two weeks later, increasing again during a one-month period, and abruptly disappearing from 198 

mid-May until July (Fig. 2). 199 

 200 

3.2 Chlorophyll a and diatom fluxes  201 

Nearly all algal cells exported to trap depth were diatoms (80-100% of the algal fluxes; data not 202 

shown). Fluxes of diatom cells were first observed in early March in Masfjorden, mid-March in 203 

Hardangerfjorden, and at the end of March-early April in Lurefjorden and Kaldfjorden (Fig. 3). 204 

In Lurefjorden, elevated diatom fluxes (>100 million cells m-2 d-1) were sustained from April to 205 

July, with a decreasing contribution of intact cells from spring to summer but a constant export 206 

of empty cells until mid-July (data not shown). Chlorophyll a fluxes reflected the steady 207 

contribution of cells with chloroplasts to the diatom fluxes (Fig. 3). Skeletonema costatum 208 

contributed to most of the diatom fluxes in Lurefjorden, along with a minimal but constant 209 

export of unidentified pennate and centric diatoms. In Masfjorden, diatom fluxes reached ~625 210 

million cells m-2 d-1 in March, the highest values recorded in all fjords. Chlorophyll a fluxes also 211 

increased in March in Masfjorden, although they remained <100 µg m-2 d-1 at the peak of diatom 212 

fluxes (Fig. 3). The centric diatom S. costatum and the pennate diatom group Pseudo-213 

nitzschia/Nitzschia spp. comprised the majority of the diatom fluxes in Masfjorden. In 214 

Hardangerfjorden, a peak in the export of diatom cells at the end of May coincided with a 215 

marked increase in chl a fluxes at both sites (Fig. 3). Chlorophyll a fluxes in Hardangerfjorden 216 
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were the highest recorded from all fjords (~600 µg m-2 d-1) and remained high when diatom 217 

fluxes decreased in June. At both sites in Hardangerfjorden, low fluxes of S. costatum were 218 

observed from mid-March to mid-May, followed by the export of the centric diatom Chaetoceros 219 

spp. from mid-May until the end of the deployments in June. In Kaldfjorden, a distinct peak in 220 

diatom export was observed at the end of March-beginning of April at both the inner and outer 221 

fjord sites (Fig. 3). While peak chl a fluxes coincided with peak diatom fluxes, periods of 222 

enhanced chl a fluxes (>100 µg m-2 d-1) were also observed in late autumn and during winter at 223 

both sites in Kaldfjorden. The centric diatom Chaetoceros spp. contributed to the majority of the 224 

diatom fluxes in Kaldfjorden, followed by S. costatum.  225 

 226 

3.3 Annual fluxes 227 

In Lurefjorden, annual fluxes of POC (18.7 g C m-2 yr-1) and diatoms (4258 million cells m-2 yr-
228 

1) were the highest of all the sites sampled while annual TPM (185 g m-2 yr-1) and chl a fluxes  229 

(8.6 mg m-2 yr-1) were the lowest of all the sites sampled (Table 2). In Hardangerfjorden, annual 230 

fluxes of POC, TPM, chl a, and diatoms were of similar ranges at the sites 100 m and 500 m 231 

away from the fish farm. In Kaldfjorden, all annual fluxes were slightly higher at the inner fjord 232 

site than at the outer fjord site. The contribution of POC to the annual TPM flux was two to three 233 

times higher in Lurefjorden (10.1%) than in the other fjords sampled (3.2-5.1%; Table 2). 234 

 235 

3.4 Swimmers 236 

The most abundant zooplankton collected during the six sediment trap deployments were the 237 

omnivorous copepods Microcalanus spp. and Oncaea spp. and the herbivorous copepods 238 

Pseudocalanus spp. and Calanus finmarchicus (Fig. 4). In Lurefjorden, a large number of 239 

Microcalanus spp. were collected from March to August and peaked at the end of May. In 240 
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Masfjorden, Oncaea spp. were more abundant than Microcalanus spp. and both species were 241 

relatively more abundant than in Lurefjorden from November to March. In Hardangerfjorden, 242 

Pseudocalanus spp. and Microcalanus spp. were abundant at the end of August-beginning of 243 

September, with gradually decreasing abundances during autumn. While Microcalanus spp. and 244 

Oncaea spp. were continuously collected in the trap 100 m away from the fish farm, these 245 

copepods were not collected from November to mid-March in the trap 500 away from the fish 246 

farm. The amount of Pseudocalanus spp. individuals collected slightly increased in April in the 247 

trap 500 away from the farm. In Kaldfjorden, many C. finmarchicus were collected at the inner 248 

and outer fjord sites from September to November and from May to the end of the deployment in 249 

July, with a larger number of individuals collected at the inner fjord during autumn. While less 250 

abundant, the number of Microcalanus spp., and to a lesser extent of Oncaea spp., was higher 251 

from February to the beginning of April at both locations in Kaldfjorden (Fig. 4).  252 

 253 

4. Discussion 254 

Downward export fluxes measured ~55 m above seafloor at six locations in four Norwegian 255 

fjords displayed substantial export of particulate matter toward the seafloor in all fjords. 256 

Considerable amounts of coarse sand and plant fragments in most trap samples indicated a large 257 

export of terrestrial matter that led to annual TPM fluxes ranging from 185 to 365 g m-2 yr-1 
258 

(Table 2). While these annual fluxes were low compared to sediment trap-derived annual TPM 259 

fluxes obtained at two sites in the inner part of Fanafjorden in western Norway (825 and 885 g 260 

m-2 yr-1; Wassmann, 1984), they were high compared to annual TPM fluxes obtained at several 261 

open ocean sites in the Arctic Ocean (26 to 70 g m-2 yr-1; Lalande et al., 2009), in Fram Strait (11 262 

to 32 g m-2 yr-1; Bauerfeind et al., 2009; Lalande et al., 2016b), and in the Norwegian Sea (26 to 263 

34 g m-2 yr-1; von Bodungen, 1995). Similarly, annual POC fluxes ranging from 10.4-18.7 g C m-264 
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2 yr-1 in the four fjords sampled were lower than annual POC fluxes obtained in Fanafjorden (96 265 

and 107 g C m-2 yr-1; Wassmann, 1984) and in Uggdalsfjorden, an open fjord located a few 266 

kilometers west of Hardangerfjorden (40.4 g C m-2 yr-1; Kutti et al., 2007), but higher than 267 

annual POC fluxes obtained in the Arctic Ocean (1.6 to 5.9 g C m-2 yr-1; Lalande et al., 2009), 268 

Fram Strait (1.6 to 2.5 g C m-2 yr-1; Bauerfeind et al., 2009; Lalande et al., 2016b), and 269 

Norwegian Sea (2.9 to 4.5 g C m-2 yr-1; von Bodungen, 1995). The very large TPM and POC 270 

fluxes in Fanafjorden and Uggdalsfjorden were recorded 5 and 6 m above bottom and likely 271 

reflected the increasing contribution of resuspended sediments close to the bottom often 272 

observed in fjords (Wassmann, 1983; Kutti et al., 2007). Nevertheless, high annual TPM and 273 

POC fluxes in fjords compared to the open ocean emphasizes that fjords are sites of elevated 274 

accumulation of terrestrial material, with mass sediment accumulation rates averaging 330 g m-2 275 

yr-1 in NW European fjords (Smith et al., 2015).   276 

 277 

The sediment trap deployment sites were deeper in Lurefjorden, Masfjorden and 278 

Hardangerfjorden (384-479 m) than in Kaldfjorden (141-170 m). While steep underwater slopes 279 

characterize the fjords of western Norway, the relatively shallow Kaldfjorden has less 280 

pronounced slopes. Advection of resuspended material induced by tidal mixing (Sanchez-Vidal 281 

et al., 2015) or by subaqueous slides on the steep slopes of the deep fjords (Duffield et al., 2017) 282 

may have contributed to the high TPM fluxes observed in the three fjords sampled in western 283 

Norway. However, high annual TPM fluxes (313-365 g m-2 yr-1) combined with relatively low 284 

annual POC fluxes (10.4-16.1 g C m-2 yr-1) in Kaldfjorden and Hardangerfjorden in contrast to 285 

low annual TPM flux (185 g m-2 yr-1) and relatively high annual POC flux (18.7 g C m-2 yr-1) in 286 

the deep Lurefjorden suggest that an inorganic source of particulate matter led to the elevated 287 

TPM fluxes in the former fjords. Interestingly, the higher annual TPM fluxes were observed in 288 
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the two fjords surrounded by steep hills or mountains, while the lowest annual TPM flux was 289 

recorded in Lurefjorden where the surrounding land is relatively flat and no large rivers 290 

discharge into the fjord. Hence, a larger input of terrestrial particulate matter from erosion and 291 

freshwater run-off from snowmelt and rainfall likely contributed to the larger TPM fluxes in 292 

Hardangerfjorden and Kaldfjorden (Wassmann, 1984; Fosså, 1992; Duffield et al., 2017).  293 

 294 

Algal cells collected in the sediment traps partly reflected the timing, duration and magnitude of 295 

the marine phytoplankton production in the upper water column of the fjords. The onset of 296 

phytoplankton blooms follows an increase in irradiance and occurs soon after the spring equinox 297 

during March in the fjords of western Norway and from late March to late April in northern 298 

Norway (Eilertsen and Taasen, 1984; Wassmann, 1984; Archer et al., 2000; Larsen et al., 2004; 299 

Kutti et al., 2007). An increase in diatom fluxes recorded in March or April in the four fjords 300 

sampled indicated the immediate downward export of these large and fast-sinking cells 301 

(Wassmann, 1983, 1984; Reigstad et al., 2000). Skeletonema costatum typically dominates 302 

spring diatom blooms in Norwegian fjords (Eilertsen et al., 1981; Wassmann, 1984; Sakshaug et 303 

al., 1989; Larsen et al., 2004), and S. costatum fluxes were correspondingly recorded in all fjords 304 

sampled. The centric diatom Chaetoceros socialis is also a major component of the spring bloom 305 

in Norwegian coastal waters and in the northeast Atlantic (Braarud et al., 1974; Degerlund and 306 

Eilertsen, 2010). The absence of Chaetoceros spp. in Lurefjorden and Masfjorden may therefore 307 

result from the restricted connection of these fjords to the Norwegian coastal waters due to their 308 

shallow sills, while elevated Chaetoceros spp. fluxes in Hardangerfjorden and Kaldfjorden 309 

suggest more of an exchange between fjord and shelf waters. Whereas the prymnesiophyte 310 

Phaeocystis pouchetii often dominates phytoplankton biomass in Norwegian fjords (Eilertsen et 311 

al., 1981; Archer et al., 2000; Reigstad et al., 2000; Degerlund and Eilertsen, 2010), it was 312 
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mostly absent from sediment trap samples, likely because it is typically retained in the upper 50-313 

100 m unless mixing accelerates its downward export (Reigstad and Wassmann, 2007; Lalande 314 

et al., 2011). The collection of some Phaeocystis cells at the site closest to the fish farm in 315 

Hardangerfjorden in August and September suggests the occurrence of such a mixing event 316 

during autumn (data not shown), though this cannot be definitively confirmed due to a lack of 317 

physical oceanography data. 318 

 319 

It is important to note that the collection of zooplankton actively entering the sediment traps only 320 

indicate their presence at the trap depth and not the abundance of the species in the water 321 

column. In Norwegian fjords, zooplankton biomass is typically dominated by a mixture of the 322 

herbivorous copepods Calanus finmarchicus, C. glacialis, and C. helgolandicus (Bucklin et al., 323 

2000; Eiane et al., 2002). However, these large copepod species were mostly absent from the 324 

sediment trap samples, except in Kaldfjorden where C. finmarchicus was collected in the traps 325 

deployed at shallower depths in a shallower fjord. Instead, the small copepods Microcalanus 326 

spp., Oncaea spp. and Pseudocalanus spp. were the most abundant copepods collected in all 327 

fjords, likely because large herbivorous copepods aggregate at shallower depths between 100 and 328 

200 m (Eiane et al., 2002; Niehoff and Hirche, 2005; Daase et al., 2013). Specific processes that 329 

affected export fluxes in each fjord are discussed below.  330 

 331 

4.1 Masfjorden 332 

Constant TPM and POC fluxes from mid-November until the end of March indicated the 333 

continuous supply of particulate matter in Masfjorden. The highest daily diatom fluxes (3 times 334 

higher than in other fjords) observed during March indicated the rapid export of a spring diatom 335 

bloom composed mostly of S. costatum. A high Calanus mortality rate caused by a rich 336 
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planktivorous mesopelagic fish population in Masfjorden (Eiane et al., 1999; Bagøien et al., 337 

2001) may have contributed to the elevated diatom fluxes due to a reduced grazing pressure. 338 

Instead, the small-size omnivorous copepods Microcalanus spp. and Oncaea spp., reported to be 339 

abundant in the upper 100 m of Masfjorden (Giske et al., 1990), were the two main taxa 340 

collected in the sediment trap at ~370 m. The predominance of these omnivorous copepods 341 

during winter suggest that they were feeding on sinking detritus before the bloom period. 342 

 343 

4.2 Lurefjorden 344 

Despite the large permanent population of P. periphylla in Lurefjorden, carcasses (intact or in 345 

pieces) were not collected in the sediment trap. Their absence in the sediment trap has been 346 

attributed to the relatively large mean coronal diameter of P. periphylla recorded in Lurefjorden 347 

(2.58 - 4.12 ± 0.1 cm; Sørnes et al., 2007; Dunlop et al., 2018), preventing their collection 348 

through the baffle (cell diameter: 2.5 cm) on top of the trap funnel. While trap-collected 349 

juveniles of the trachymedusae Aglantha digitale have been estimated to contribute up to 1 g C 350 

m-2 yr-1 to the annual POC export in Hudson Bay (Lalande and Fortier, 2011), it was not possible 351 

to assess the contribution of P. periphylla to the annual POC flux in Lurefjorden. However, 352 

intact carcasses of P. periphylla have previously been estimated to supply up to 73 mg C m-2 d-1 
353 

to the seafloor in Lurefjorden (Sweetman and Chapman, 2015), suggesting that the annual POC 354 

flux is higher than estimated in the present study. Sweetman and Chapman (2015) estimated that 355 

intact P. periphylla carcasses may contribute up to 96% of the daily POC flux in Lurefjorden 356 

based on the POC flux estimates from Fanafjorden (Wassmann, 1984) recalculated to the basin 357 

depth of Lurefjorden (447 m). Based on the annual POC flux measured in Lurefjorden (18.7 g C 358 

m-2 yr-1), the transport of jellyfish POC as carcasses may reach up to ~150% of the POC flux at 359 

certain times, suggesting a much higher contribution of jellyfish POC to the seafloor in this fjord. 360 
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The high annual POC flux and the relatively high proportion of POC in TPM fluxes in 361 

Lurefjorden (10.1%) correspond with the high total organic carbon content measured in surface 362 

sediments in the same fjord (Torper, 2017) and with the high proportion of POC in TPM fluxes 363 

(12-21%) previously recorded in Lindåspollene, a land-locked fjord neighboring Lurefjorden 364 

(Wassmann, 1983).  365 

 366 

Similar incident sunlight in Lurefjorden and Masfjorden suggests that the late appearance of 367 

diatom fluxes in April in Lurefjorden reflected a delay in diatom production, possibly due to the 368 

darker waters of the fjord hindering light penetration and delaying the development of a 369 

thermocline (Eiane et al., 1999; Aksnes et al., 2004; Sørnes et al., 2007; Aksnes et al., 2009). A 370 

freshening of the Norwegian coastal waters has led to higher light absorption and to a gradually 371 

darkening water column in Lurefjorden, affecting light conditions and favoring tactile predators 372 

like P. periphylla in the fjord (Eiane et al., 1999; Aksnes et al., 2004; Sørnes et al., 2007; Aksnes 373 

et al., 2009). In agreement with the observed diatom fluxes, previous studies in Lurefjorden 374 

reported an increase in surface temperatures at the end of March, the development of a 375 

thermocline and an increase in chl a levels in early April, and a peak in phytoplankton biomass 376 

in mid-April (Eiane et al., 2002; Niehoff and Hirche, 2005). The sustained export of S. costatum 377 

cells during spring and summer led to the highest annual flux of diatoms among all fjords 378 

sampled, partly explaining the highest annual POC flux measured in Lurefjorden. The high 379 

proportion of empty dead cells (78%) in the annual diatom flux may be the result of a lack of 380 

light or limited nitrogen availability in the fjord (Kirchman, 1999). The sustained, but low export 381 

of chl a during this period led to the lowest annual chl a flux among all fjords sampled, possibly 382 

due to the smaller size and hence chl a content of S. costatum in contrast to Chaetoceros (Guiry, 383 

2020).  384 
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 385 

While C. glacialis has been reported to dominate the zooplankton community in Lurefjorden 386 

(Eiane et al., 2002; Niehoff and Hirche, 2005; Daase et al., 2013), the deep-living Microcalanus 387 

spp. (Kosobokova et al., 1997) was the most abundant copepod collected at ~330 m. The 388 

continuous collection of Microcalanus spp. of all copepodite stages (data not shown) from 389 

March to August suggests a deeper diel vertical migration during spring and summer, or suggests 390 

that the coincident export of diatom cells at that time fueled their reproduction and maturation. 391 

 392 

4.3 Hardangerfjorden 393 

Higher daily TPM and POC fluxes at the site closer to the fish farm during winter (when adult 394 

salmon were present) were possibly due to the additional organic waste released from the farm. 395 

These results support findings from a long-term study of export fluxes along a transect in 396 

Uggdalsfjorden showing that most of the organic waste from a large salmon farm settled within 397 

250 m of the farm, although organic material can be transported as far as 900 m away depending 398 

on current speed (Kutti et al., 2007). Similar to Uggdalsfjorden, previous observations in 399 

Hardangerfjorden reported a local impact of the salmon farming industry on the benthic and 400 

pelagic communities (Bannister et al., 2014; Husa et al., 2014a). However, TPM and POC fluxes 401 

remained steady at the site closer to the fish farm after salmon were removed and while they 402 

were absent from the aquaculture pens in February and March, suggesting another source of 403 

particulate matter than waste released from aquaculture operations. Although organic material 404 

may continue to be released from the nets following the departure of salmon, these constant 405 

fluxes, along with similar annual POC fluxes measured at both sites sampled in 406 

Hardangerfjorden, suggest that the establishment of a fish farm in a large, deep and open fjord 407 

ensured a diluted impact of aquaculture operations due to regular water exchange. Instead, a 408 
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large increase in TPM and POC fluxes at the site farther from the pens when salmon were absent 409 

in March, combined with a modest increase in chl a and diatom fluxes, suggest that other sources 410 

of particulate matter predominantly influenced the region. Like many fish farms in 411 

Hardangerfjorden, the studied farm was located very close to land along a steep hard rock cliff 412 

with waterfalls, favoring a high input of terrestrial matter from the shore. Therefore, the increase 413 

in TPM and POC fluxes at both sites at the end of April-beginning of May, coinciding with the 414 

addition of smolt, may result from the renewed release of particulate matter from the fish farm. 415 

Alternatively, enhanced TPM and POC fluxes, together with moderate chl a and low diatom 416 

fluxes, possibly indicated the discharge of freshwater with a high silt content from rivers, glacier 417 

meltwater and snowmelt, as melt-induced spring flood and peak river discharge have been 418 

reported to occur in May in Hardangerfjorden and other western Norway fjords (Braarud et al., 419 

1974; Husa et al., 2014b; Duffield et al., 2017).  420 

 421 

It has been reported that the release of organic wastes and dissolved nitrogen from fish farming 422 

can trigger phytoplankton blooms (Bannister et al., 2014; Husa et al., 2014a; Husa et al., 2014b). 423 

Recent observations in Hardangerfjorden have however shown that nutrients and chl a values are 424 

within the thresholds for high water quality set by national guidelines, despite intensive fish-425 

production levels in the intermediate area of the fjord (Husa et al., 2014a). This is again 426 

attributed to regular water exchange driven by wind, tidal waves, and currents leading to the 427 

homogenization and the monthly renewal of the upper fjord water (Asplin et al., 2014; Husa et 428 

al., 2014a; Skaala et al., 2014). In agreement with these observations, lower annual fluxes of 429 

diatoms than at the other fjords sampled suggested moderate phytoplankton production in 430 

Hardangerfjorden. However, the extremely high daily chl a fluxes observed from mid-May until 431 

the end of the deployment in June coincided with the export of Chaetoceros spp., suggesting the 432 
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occurrence of a bloom dominated by Chaetoceros spp., a taxa usually dominating the diatom 433 

population of the outer fjord (Braarud et al., 1974). The input of chl a from terrestrial plants and 434 

leaves commonly observed in the fjord waters during summer undoubtedly also contributed to 435 

the elevated chl a fluxes.  436 

 437 

Monthly net sampling of zooplankton in Hardangerfjorden showed that C. finmarchicus 438 

dominate the zooplankton biomass while Oncaea borealis, Pseudocalanus elongatus, and 439 

Microcalanus pusillus are particularly abundant in the whole water column (Lie, 1967). The 440 

large amount of Microcalanus spp. and Pseudocalanus spp. collected in both traps at ~410 m in 441 

August-September potentially indicated their seasonal descent to diapause, previously reported 442 

to start in September (Lie, 1967). Interestingly, the presence of Microcalanus spp. at the site 443 

closer to the fish farm suggests that the omnivorous copepods may have benefited from a 444 

sustained source of food due to the release of detritus when salmon were present. 445 

 446 

4.4. Kaldfjorden 447 

In Kaldfjorden, both the inner and outer fjord sites displayed similar patterns of daily TPM, 448 

POC, chl a, and diatom fluxes, suggesting that large-scale processes affected export fluxes in the 449 

region. Annual TPM, POC, chl a, and diatom fluxes were slightly higher at the inner fjord site 450 

than at the outer fjord site, suggesting an input of particulate matter at the fjord head. Inner fjords 451 

are strongly influenced by terrestrial organic matter, as indicated by high TPM fluxes, POC 452 

fluxes or organic carbon accumulation observed at the fjord head of Lysefjorden in western 453 

Norway and of Hornsund, Adventfjorden, and Kongsfjorden in Spitsbergen (Koziorowska et al., 454 

2016; Lalande et al., 2016a; Duffield et al., 2017). As the only active fish farm in Kaldfjorden 455 

was located >1 km away from the traps, no effect of waste release was expected on export 456 
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fluxes, as supported by simulation results predicting that >75 % of organic effluents are 457 

deposited in the near-field sites <500 m from the release point (Bannister et al., 2016). 458 

Surprisingly, much lower POC fluxes in April and May than during early spring and autumn at 459 

both sites suggested the retention of POC in the upper water column during the productive 460 

season. High TPM fluxes combined with low POC fluxes eliminate the possibility of clogging, 461 

reflecting instead the large input of an unknown source of particulate inorganic material into the 462 

fjord, possibly associated with snowmelt, wind-induced water column mixing and/or 463 

resuspension of inorganic particles in the relatively shallow fjord. Low fluxes of TPM, POC and 464 

diatoms in June and July suggest that strong stratification may have eventually prevented the 465 

export of material across the pycnocline in late spring-early summer, which is supported by CTD 466 

profiles obtained in early June 2018 showing a distinct fluorescence layer in the upper 20 m in 467 

Kaldfjorden (A. Renner, pers. comm.). 468 

 469 

Short but sharp peaks in chl a and diatom fluxes composed of Chaetoceros spp. and S. costatum 470 

were simultaneously observed in inner and outer Kaldfjorden in early April. These fluxes are in 471 

agreement with observations from nearby Balsfjorden and other northern fjords where chl a 472 

concentrations and TPM fluxes peaked during the spring bloom in April and the phytoplankton 473 

assemblage was mainly composed of Chaetoceros socialis and S. costatum (Eilertsen et al., 474 

1981; Gulliksen, 1982; Archer et al., 2000). While diatom fluxes abruptly decreased following 475 

the bloom, a few Phaeocystis cells were collected in the sediment traps at the end of April and 476 

beginning of May at both sites in Kaldfjorden (data not shown). The collection of these cells, 477 

despite their relatively small contribution to fluxes (Reigstad and Wassmann, 2007), hints at the 478 

development of a Phaeocystis bloom following the diatom bloom, potentially explaining the 479 

sudden absence of diatom fluxes. Elevated chl a fluxes combined with low fluxes of diatoms 480 
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during autumn and winter may be due to resuspension of sediments with high chl a content, to 481 

the export of plant material despite the scarce vegetation in northern areas, to the export of small 482 

phytoplankton not discernible in the traps, or to the export of fecal pellets containing chl a 483 

produced by the numerous copepods feeding on the autumn bloom.  484 

 485 

The abundance during May and June of the large copepod C. finmarchicus, one of the most 486 

important herbivorous mesozooplankton grazers in northern Norwegian fjords (Eilertsen et al., 487 

1981; Tande, 1991), may also partly explain the extremely low fluxes of diatoms and POC 488 

recorded at that time at both locations in Kaldfjorden. In Balsfjorden, increased zooplankton 489 

biomass and grazing pressure from C. finmarchicus at the end of the spring bloom in April 490 

regulated the phytoplankton standing stock and led to a relatively low amount of algal cells at 50 491 

m during summer (Eilertsen et al., 1981; Eilertsen and Taasen, 1984; Tande, 1991; Archer et al., 492 

2000). However, as large herbivorous copepods also dominate the zooplankton community in the 493 

other fjords sampled during this study, there may be other factors contributing to the near 494 

absence of most fluxes from mid-April to early July in Kaldfjorden. Additional monitoring 495 

projects recently conducted in Kaldfjorden will hopefully provide insights into the conditions 496 

that led to the nearly absent export fluxes during summer. 497 

 498 

5. Conclusions and implications 499 

Sediment trap-derived fluxes clearly indicated the seasonal influence of terrestrial matter input 500 

on the downward export of particulate matter in Norwegian fjords. Seasonal variations in chl a 501 

and diatom fluxes ~55 m above the seafloor also indicated tight pelagic-benthic coupling and 502 

highlighted the importance of the spring diatom bloom as a food supply to benthic communities. 503 

The mass occurrence of P. periphylla has been reported to enhance POC fluxes in the nearly-504 
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enclosed Lurefjorden, although these fluxes were not estimated during the present study. Despite 505 

TPM and POC fluxes suggesting a local input of waste release from the operating fish farm, 506 

regular water exchange and large fluxes of terrestrial and marine particulate matter mostly 507 

masked the impact of aquaculture operations in Hardangerfjorden. Overall, our export flux 508 

results suggest that the degree of impact from aquaculture operations may be a function of water 509 

exchange with coastal waters, with limited negative consequences being observed in fjords with 510 

regular water exchange.  511 
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Figure 1. Locations of study areas in Norway and of moorings (yellow squares) deployed in 732 

Lurefjorden, Masfjorden, Hardangerfjorden, and Kaldfjorden. White rectangles indicates the 733 

location of the fish farms.  734 

Figure 2. Daily total particulate matter (TPM) and particulate organic carbon (POC) fluxes at the 735 

six deployment locations. 736 

Figure 3. Daily diatom and chlorophyll a fluxes at the six deployment locations. 737 

Figure 4. Dominant copepod species collected at the six deployment locations. 738 



Table 1.  Sediment trap deployment information 
   

       

Fjord Collection period 
Latitude       

˚N 
Longitude    

˚E 

Trap depth  

m 

Water depth  

m 

Lurefjorden  November 7 2015 - August 20 2016 60˚40.906 5˚10.624 332 384 

Masfjorden November 7 2015 - March 30 2016 60˚52 539 5˚26 223 372 424 

Hardangerfjorden 
100 m from fish farm August 25 2016 - June 24 2017 60˚07.535 5˚55.608 408 468 

500 m from fish farm August 25 2016 - June 24 2017 60˚06.464 5˚55.744 419 479 

Kaldfjorden 
inner fjord September 10 2017 - July 10 2018  69˚44.03 18˚40.58 89 141 

outer fjord September 10 2017 - July 10 2018 69˚46.81 18˚42.14 118 170 

        

 

Table 2. Annual fluxes obtained at Lurefjorden, Hardangerfjorden and Kaldfjorden.   

The clogging of the trap prevented the calculation of annual fluxes in Masfjorden. 

Fjord 
POC TPM (% POC in TPM) Chl a Living diatoms (% total) 

g C m
-2

 yr
-1

 g m
-2

 yr
-1

 mg m
-2

 yr
-1

 million cells m
-2

 yr
-1

 

Lurefjorden 18.7 185 (10.1) 8.6 4258 (22) 

Hardangerfjorden 
100 m from fish farm 16.1 328 (4.9) 26.6 1313 (29) 

500 m from fish farm 16.0 313 (5.1) 28.1 1038 (28) 

Kaldfjorden 
inner fjord  11.6 365 (3.2) 35.7 2425 (75) 

outer fjord 10.4 319 (3.3) 31.7 2262 (65) 
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Highlights (Lalande et al) 

 

• Annual particulate organic carbon fluxes ranged from 10.4 and 18.7 g C m-2 d-1 

• Large input of land-derived particulate matter during rain and snowmelt events  

• Diatom fluxes were first observed in March or April in the four fjords sampled 
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