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Jellyfish carrion is an important carbon source to the benthic ecosystem that is expected to increase in some
regions in the future, but its potential impact on sediment biochemical processes is not fully understood. Benthic
foraminifera play important carbon processing roles in marine ecosystems but little is known about how they
process carbon within fjords, or how jellyfish detritus on the sediment may affect this role. This study is the first
to use 13C-labelled algae to quantify how jellyfish detritus may alter benthic foraminiferal microalgal-carbon
uptake (C-uptake) from the inner to outer fjord. To assess potential mechanisms for variations in C-uptake,
foraminiferal biomass, density, and assemblage composition, in addition to the sediment O2 dynamics and
environmental parameters (e.g. sediment total organic carbon [TOC] content) were investigated. Benthic fora
miniferal C-cycling strongly varied within the fjord with 20-times higher C-uptake rates at the inner-fjord
location compared to the locations further outwards. This difference was likely caused by the higher forami
niferal biomass and relative abundances of Bulimina marginata and Nonionella turgida at the inner location. Strong
differences in foraminiferal assemblage structure amongst the locations were not explained by major differences
in the investigated environmental parameters. Changes in sediment O2 dynamics suggested that jellyfish detritus
obstructed O2 diffusion into the sediment. A potential effect of these changes on the C-uptake was only observed
at the inner location, indicating the effect of jellyfish detritus on foraminiferal C-uptake rates was little and
dependent on the benthic foraminiferal assemblage composition (e.g. the presence of B. marginata). This suggests
that the areas in coastal zones where the highest amounts of organic carbon are being processed may also be the
most sensitive to changes in the sediment O2 dynamics, which would make them vulnerable to changes in
riverine input and anthropogenic organic carbon enrichment.

1. Introduction
Fjords are transitional zones that connect terrestrial and oceanic
systems and are characterized by gradients of terrigenous vs marine
organic matter input moving from the inner fjord towards the outer
region (Faust and Knies, 2019; Syvitski et al., 1987). The contribution of
terrestrial organic carbon to the sediment generally declines moving
from the inner fjord to the outer fjord (Duffield et al., 2017; Heiskanen
and Tallberg, 1999), and marine organic carbon is generally regarded as
more labile than terrestrial organic carbon for benthic ecosystems (e.g.

Hedges and Keil, 1995). However, terrestrial carbon can comprise at
least half of the organic carbon delivery to coastal sediment (Schlünz
and Schneider, 2000). The quality and quantity of organic carbon input
is known to alter benthic ecosystem functioning and community struc
ture (e.g. Smith et al., 2008) but the mechanisms behind these in
teractions are poorly understood. Studying benthic environments in
coastal zones will offer further insight into the mechanisms behind those
interactions.
Benthic foraminifera are an abundant meiofaunal group in many
marine sediments and respond rapidly to changing environmental
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conditions (e.g. Sen Gupta, 1999). Benthic foraminiferal assemblage
compositions have been shown to vary from the inner to outer fjord
(Alve and Nagy, 1990; Duffield et al., 2017; Korsun and Hald, 2000), but
also between adjacent fjord basins (Klootwijk et al., 2020). Differences
in foraminiferal assemblage composition have been shown to be related
to differences in food availability, bottom water oxygenation or sub
strate characteristics. Changes in benthic foraminiferal assemblage
composition can lead to changes in their C (carbon)-cycling activity
(Gooday et al., 1992; Sweetman et al., 2009), and the ecosystem func
tions they perform.
Sinking jellyfish particulate organic matter is an important pelagic
carbon source to the benthic ecosystem (Lebrato et al., 2013; Sweetman
et al., 2014b, 2016; Sweetman and Chapman, 2011, 2015) and is
believed to be increasing in some areas due to anthropogenic and
climate-driven changes (Billett et al., 2006; Mills, 2001; Purcell et al.,
2007). In Norway, fishing activities and increasingly darker coastal
waters are thought to have contributed to mass occurrences of the jel
lyfish Periphylla periphylla in some fjords during the last decades (Aksnes
et al., 2009; Sørnes et al., 2007; Sweetman and Chapman, 2011).
P. periphylla is originally characterised as a cold and deep-water
scyphozoan that is mostly rare and exists only as a medusa. The spe
cies can adapt to a variety of environmental conditions unfavourable to
fish and is therefore highly competitive with its main food competitor
(Condon et al., 2012; Tiller et al., 2017). Recent observations suggest
P. periphylla is becoming more abundant in northern Norwegian eco
systems where it has established healthy populations in several fjords
(Tiller et al., 2017). Jellyfish carrion fluxes can be rapidly scavenged at
the seafloor (Dunlop et al., 2018; Sweetman et al., 2014a, b), but ex
periments have shown that jellyfish decomposition increases the benthic
O2 demand (Chelsky et al., 2015, 2016; Condon et al., 2011; Sweetman
et al., 2016; West et al., 2009) and causes significant shifts in benthic
community functioning (Condon et al., 2011; Sweetman et al., 2016).
One successful method to assess benthic community functioning is
through isotope tracer experiments. In such experiments, a food source
is enriched with a stable isotope (13C or 15N) which is used to quantify
consumers processing patterns and rates (e.g. Middelburg et al., 2000;
Sweetman et al., 2016; Woulds et al., 2016). The feeding activities of
benthic foraminifera have been successfully measured in previous
isotope tracer studies (e.g. Enge et al., 2014; Moodley et al., 2002;
Nomaki et al., 2005; Sweetman et al., 2009), which showed that benthic
foraminifera play important carbon processing roles in marine ecosys
tems. Currently, however, little is known about how benthic forami
nifera process carbon within fjords, or how jellyfish detritus may affect
this role.
The aim of this study was to quantify how P. periphylla detritus alters
benthic foraminiferal microalgal-carbon uptake (C-uptake) from the
inner to outer fjord using 13C-labelled algae as a tracer in an ex situ
experiment. To address this aim, the following null hypotheses were
tested: benthic foraminiferal C-uptake did not 1) change when P.
periphylla detritus was added; 2) differ from the inner to outer fjord; and 3)
exhibit an interaction effect of P. periphylla addition and the sampled loca
tion. To investigate potential influences of the foraminiferal assemblage
structure on the C-uptake, the biomass, densities and assemblage
composition of foraminifera were also evaluated. In addition, the role of
environmental parameters, including the bulk sediment organic
geochemistry and bottom water characteristics, in driving the forami
niferal assemblage structure and functioning was investigated. The
sediment O2 dynamics were explored using the same hypotheses as for
the foraminiferal C-uptake and the results were compared with the
foraminiferal C-uptake to investigate potential relationships. This is the
first study investigating foraminiferal C-uptake from the inner region of
a fjord to the outer region in combination with added jellyfish detritus,
sediment O2 dynamics and in situ environmental parameters. Therefore,
this study will significantly contribute to our understanding of benthic
foraminiferal functioning in coastal zone settings.

2. Material and methods
2.1. Site description
The ex situ experiment was carried out using sediment from Kaldf
jorden, Northern Norway. Kaldfjorden is a 16 km long fjord consisting of
an innermost, inner, and middle basin alongside an outer section that
connects to Vengsøyfjorden. The basins and the outer section are approx.
40, 110, 150 and 240 m deep respectively, and are located at approx.
3.5, 13, and 15 km distance from the head of the fjord (Fig. 1). The
innermost basin is separated from the inner basin by an approx. 50 m
deep sill, which in turn is separated from the middle basin by a sill at
approx. 55 m water depth. The middle basin and outer section are
separated by a partial sill that is 75 m deep at the shallowest parts but
with 150 m deep channels cutting through it. The outer section connects
to Vengsøyfjorden without a sill. The basins are from here on referred to
as the Innermost, Inner and Middle location, and the outer section as the
Outer location.
There are no major rivers draining into Kaldfjorden (Fig. 1) and the
maximum water column stratification is found from June until October
(Jones et al., 2020). This stratification erodes during November and the
water column is well mixed from December until May (Jones et al.,
2020). In September 2017, the month when the samples for this study
where obtained, the salinity in Kaldfjorden increased slightly from 33.4
in the surface waters to approx. 34.4 in the bottom waters at all three
locations (Chierici et al., 2019). The sills between the basins and outer
section are much deeper than the observed pycnocline, and do not
obstruct the water exchange between the basins. Dissolved O2 mea
surements from a Conductivity, Temperature, and Depth mounted
OxyGuard Profile sensor from September 2017 indicated an O2 satura
tion of at least 80 % in the seawater above the seafloor at all three lo
cations in Kaldfjorden (Angelika Renner, Norwegian Institute of Marine
Research, Tromsø, pers. com.). A sewage wastewater outlet installed in
1983 at the head of the fjord approx. 3.5 km away from the Inner
location discharges mechanically treated wastewater from approx. 500
households into the fjord at 12 m water depth (Helø and Lejon, 2009).
2.2. Sediment sampling
Sediment was collected at approx. 110, 140 and 235 m depth from
the Inner, Middle and Outer locations in Kaldfjorden respectively, in
September 2017. At each location, four replicate box-cores (KC
Denmark, 34.5 × 29 cm, 1000 cm2) were collected and sub-sampled
using three, clear acrylic experimental chambers (inner diameter 14
cm) pushed 25-cm deep into the sediment. Directly after sub-sampling,
each chamber was randomly assigned to a Control, Low, or High
experimental treatment (C, L, H), where Low and High indicated the
amount of jellyfish to be added at a later stage. The chambers were
transported to the Akvaplan-niva research station in Kraknes (Research
Innovation Station Kraknes, FISK) for the experiment. From each boxcore, an additional three smaller cores (inner diameter 4.7 cm) were
taken to obtain samples for bulk sediment organic geochemistry, grainsize analyses, living (rose Bengal (rB) stained) foraminiferal assemblages
and background 13C isotope values of foraminiferal cytoplasm. The
cores were visually assessed for disturbance, after which the two least
disturbed surfaces were selected for the foraminiferal analyses, leaving
the third for grain-size analyses and bulk sediment organic geochem
istry. From the smaller cores, the upper 1 cm was sectioned on deck, and
the rB-stained foraminiferal samples were preserved and stored in a 70%
ethanol 2 g L− 1 rB mixture (Schönfeld et al., 2012). Samples for bulk
sediment organic geochemistry and background 13C isotopes were kept
frozen at − 20 ◦ C until analysis.
2.3. Preparation of

13

C labelled algae

The marine alga Dunaliella tertiolecta, was used as a labelled food
2
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Fig. 1. Map of Kaldfjorden showing the Inner (I), Middle (M) and Outer (O) location and the connecting Vengsøyfjorden (based on Norwegian Mapping Authority
data (http://www.kartverket.no, 2020) created with QGIS).

source. It was cultured at 19 ◦ C (16 h light: 8 h dark cycle) in sterilized
pre-filtered natural seawater containing the Eppley et al. (1967) IMR
1/2 medium with additional selenite (Paassche et al., 1988). To the IMR
1/2 medium approximately 5 × 10− 4 mol L− 1 of NaH13CO3 was added to
replace 25 % of the 12C bicarbonate in the seawater with NaH13CO3. The
algae were harvested by centrifugation (500 G; 20 min), after which the
obtained pellets were re-suspended and rinsed three times with steril
ized, pre-filtered and unlabelled seawater to remove inorganic
13
C-labelled carbon. Finally, the algal pellets were lyophilized to obtain
a powder. The final concentration of 13C in the algal carbon was 21.6 ±
0.3 atom% (SE, n = 3).

ensuring the algae were evenly mixed into the overlying water column,
the stirrers were switched off for 1 h allowing the algae to settle on the
sediment (Fig. 2). After 1 h, a single piece of 10 (Low), or 30 (High)
grams of thawed P. periphylla carrion previously collected from Lur
efjorden, Norway, equivalent to 32 and 96 g of jellyfish particulate C
m− 2 respectively, were carefully placed on the sediment surface of the
chambers selected for jellyfish treatments. The jellyfish detritus was
weighted down using a plastic-coated metal ring to counteract the
buoyancy of the jellyfish (Fig. 2). A plastic-coated ring was also added to
the chambers that received no jellyfish (Control) to standardize the
procedure (Fig. 2). In no case did jellyfish carrion cover the entire sur
face of the sediment during the experiment. After the addition of algae
and jellyfish, the chambers were left to incubate for 48 h after closing the
chambers and reactivating the stirrers (Fig. 2). The duration of incu
bation was chosen to ensure the uptake of labelled carbon and that no
more than 30 % of the O2 available in the overlying water column was
consumed during the incubation (Renaud et al., 2008; Sweetman et al.,
2016).

2.4. Experimental design
Upon arrival at the research station, the experimental chambers were
carefully filled with 60-μm filtered seawater pumped from 60 m depth.
Chambers were immediately placed in dark, temperature controlled
(approx. 8.7 ◦ C) water baths and kept in a flow-through system with
filtered seawater for 4 days (Fig. 2). These four days allowed the sedi
ment to re-settle and geochemically stabilize (Sweetman et al., 2014a,b,
2016). During this phase, the chamber waters were allowed to exchange
and overflow into the surrounding water bath, which maintained the
independence of replicates. To start the experiment the overflow system
was switched off and 77 mg of dry algae was re-hydrated and added to
each chamber using a syringe (Fig. 2). Spread out over 1 m, 77 mg would
be equivalent to 1 g organic C m− 2, assuming that the algae contain 20 %
carbon (Sweetman et al., 2014), which is equal to approximately 10 days
of carbon flux during the spring bloom (Lalande et al., 2020). After

2.5. Sediment O2 micro-profiling
After the experiment, O2 micro-profile measurements were made
using a UNISENSE 3D-O2 micro-profiling system avoiding the jellyfish
carrion as much as possible. Sensors were calibrated using a 2-point
calibration and used to determine the diffusive O2 uptake (DOU;
mmol O2 m− 2 d− 1) from a linear approximation to the O2 gradient sit
uated inside the diffusive boundary layer applying Fick’s first law of
diffusion (Glud, 2008). From the position of the sensor relative to the
3
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sediment-water interface, O2 concentrations at the interface (OCI; mmol
L− 1) and O2 penetration depth (OPD; mm) were obtained.
2.6. Foraminiferal analyses
After micro-profiling, the overlying seawater was removed to pre
pare for the sub-sampling of the experimental chambers. To sub-sample
the experimental chambers, the upper centimetre of sediment (0–1 cm)
was sliced off and gently homogenized after which 20 mL sediment was
collected for foraminiferal analyses by transferring material into a sy
ringe. The sub-sample was kept frozen at − 20 ◦ C until further analyses.
In the laboratory, the sub-samples were thawed and washed over 63and 500-μm meshes with artificial seawater (salinity 30) that was pro
duced following the method described by Enge et al. (2011). From the
63- to 500-μm size fraction, material was taken at random and picked
until approx. 400 living individuals (including agglutinated specimens)
could be selected for cytoplasm analyses and identified to species level
where possible. One sample from each location was analysed to obtain
the natural (background) foraminiferal carbon isotope signatures
following the same procedure. The distinction between living and dead
foraminifera was based on the visual observations of definite cytoplasm
in the test in at least the majority of the older chambers (e.g. Moodley
et al., 2002; Nomaki et al., 2005).
The picked foraminifera were carefully and individually cleaned
using a brush to remove adhering particles and kept frozen until pro
cessing for isotope analysis. In preparation for the isotope analysis, the
samples were rinsed 3 times with filtered artificial seawater followed by
Milli-Q water (3 times) to remove any remaining particles and salt. After
the final cleaning the foraminifera were transferred into silver capsules
for decalcification. Decalcification included three HCl (4 %) treatments
to ensure that all inorganic foraminiferal carbonate was removed. The
samples were dried at 40 ◦ C for 4 h in between treatments and for 16 h
for the final drying step. Decalcification ensured that only foraminiferal
cytoplasmic carbon remained for C-uptake analyses.
For the living (rB-stained) foraminiferal analyses, the upper 1 cm
from the smaller cores was washed through 63-μm and 500-μm sieves
using tap water, after which the 63 to 500-μm fraction was split using a
modified Elmgren wet splitter (Elmgren, 1973). For the Inner location
one eight of the sample was fully picked for living foraminifera, while
one quater of was picked for the samples from the Middle and Outer. All
specimens were mounted on microfossil slides and identified to species
level where possible.
2.7. Carbon uptake calculations
For each sample (s) foraminiferal cytoplasm total carbon content
(μgCs; biomass) and stable carbon isotope ratio (δ13Cs; ‰) were
measured using an Elemental Analyser – Isotope ratio Mass Spectrom
eter (Flash 112 EA and Delta V IRMS, Thermo) at the Royal Netherlands
Institute for Sea Research, Yerseke. The first step to determine the Cuptake rates is to calculate the δ13Cs against the Vienna Pee Dee
Belemnite standard (RVPDB = 0.0112372) and convert it into atom%13Cs
as shown in equation (1).
atom%13Cs = (100 × (δ13Cs / 1000 + 1) × RVPDB)/(1 + (δ13Cs / 1000 + 1) ×
RVPDB)
(1)
The second step is to calculate the amount of 13C isotopes above
background (atom%13Cb), referred to as excess (Es), according to Mid
delburg et al. (2000) using equation (2).

Fig. 2. Schematic representation of the experimental design, where the
numbers 1, 2 and 3 represent the water inflow, stirrer and water overflow,
respectively. The experimental treatments are depicted by the letters C, L and H
representing the Control, Low and High treatment, respectively.

Es = (atom%13Cs - atom%13Cb)/ 100
13

(2)

Background (atom% Cb) values, represent the natural amount of
C atoms in foraminiferal cytoplasm.
The third step is to determine the amount of 13C isotopes incorpo
rated (Us_iso) by taking the product of the excess 13C (Es) and the biomass

13
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(μgCs) as shown in equation (3).
Us_iso = Es × μgCs

of the 15 numerically dominant species in the assemblages from the
experiment across all locations were used. The remaining taxa were
grouped and termed as “Rest”. Due to the difficulties in distinguishing
the Cassidulina species in water, the species were grouped into two
groups: Group I = C. laevigata and C. neoteretris; Group II = C. obtusa,
C. reniforme and C. bradyi. The correspondence analyses were performed
using the “Vegan” package in the R-data software program (version
2.5–5, Oksanen et al., 2010). To assess potential differences in envi
ronmental conditions amongst the locations the bulk sediment TOC63,
C/N ratios, stable carbon and nitrogen isotopes (δ13CVPDB and δ15Nair),
and grain size distribution (% < 63 μm), in addition to the water depth
(m), and bottom water O2 concentration (mL L− 1), salinity, and tem
perature (◦ C), were standardized by subtracting the mean and dividing
by the standard deviations before performing a principal component
analysis. An overview of the terms and corresponding abbreviations is
given in Table 1.

(3)

The final step is to determine the phytodetrital carbon content (Cuptake) for each sample (Is_algae; μgCalgae) by dividing the Us_iso by the
amount of 13C isotopes in the added algae (atom%13Calgae) which in turn
must be divided by 100 using equation (4):
Is_algae = Us_iso/(atom%13Calgae/ 100)

(4)

The foraminiferal densities (individuals cm− 2) derived from rBstained assemblages were divided by the number of foraminifera
picked for the experiment. This fraction was used to standardize the
foraminiferal C-uptake to area, and only the foraminiferal C-uptake rates
standardized to area (μgCalgae 10 cm− 2 d− 1) are presented in the results.
To further investigate potential drivers behind the C-uptake, the C-up
take per 10 cm2 was normalised to both rB assemblage densities by
dividing it by the number of tests per 10 cm− 2 (C-uptakerB; ngCalgae/
individual/d), and foraminiferal biomass by dividing by the biomass per
10 cm− 2 (C-uptakebio; μgCalgae/μgCbiomass).

3. Results
3.1. Foraminiferal carbon uptake

2.8. Sediment organic geochemistry

The mean foraminiferal non-normalized C-uptake (Fig. 3a), was
25.0 ± 4.4, 1.0 ± 0.2, and 1.5 ± 0.4 μgCalgae 10 cm− 2 d− 1 at the Inner,
Middle and Outer location, respectively. Mean C-uptake rates differed
significantly amongst the locations (ANOVA, p < 0.001), with the Inner
location having a significantly higher C-uptake (approx. 20-fold) than
the other two locations. The C-uptake did not significantly differ be
tween the Middle and Outer location. No significant effect of jellyfish
addition on C-uptake was detected (ANOVA, p = 0.921), nor were dif
ferences in the non-normalized C-uptake rates dependent on the inter
action between experimental treatments (C, L, H) and sampled location
(from here on referred to as the interaction effect) (ANOVA, p = 0.453).
The mean non-normalized C-uptake rates for the treatments ranged
between approx. 7.5 and 11.1 μgCalgae 10 cm− 2 d− 1.
The total foraminiferal biomass was 61.6 ± 7.6, 19.6 ± 1.2, and 23.3
± 2.6 μgC sample− 1 for the Inner, Middle and Outer location, respec
tively. When normalised to biomass, the foraminiferal mean C-uptakebio
was 0.8 ± 0.1, 0.3 ± 0.1, and 0.4 ± 0.1 μgCalgae/μgCbiomass at the Inner,
Middle and Outer location, sequentially. The difference amongst the
locations was significant (ANOVA, p < 0.001), with a lower (approx.
2.3-fold) but still significant difference between the Inner location and
the other two locations, which did not significantly differ from each
other (Fig. 3b). Differences in C-uptakebio amongst the treatments
ranged from approx. 0.49 to 0.51 μgCalgae/μgCbiomass and were not sig
nificant (ANOVA, p = 0.972), nor was the interaction effect (ANOVA, p
= 0.292).
The foraminiferal densities derived from the rB-stained samples were

To obtain the sediment total organic carbon (TOC) and nitrogen
content and stable carbon and nitrogen isotope signatures (δ13CVPDB and
δ15Nair), the upper sediment centimetre (0–1 cm) from one core from
each location was analysed using an Elemental Analyser–Isotope Ratio
Mass Spectrometry at the ISO-Analytical Ltd. stable isotope analysis
laboratory in Crewe, UK. Unlike the samples used to measure total ni
trogen, the TOC samples were acidified with 1M HCl acid, after which
they were neutralized by repeated washing with distilled water and then
oven dried at 40 ◦ C prior to analysis. The TOC and total nitrogen were
used to derive total organic carbon and total nitrogen ratios (C/N). The
TOC was normalised to the sediment fine fraction (% < 63 μm), here
after referred to as TOC63 (TOC63 = TOC + 18 × 1 − % <63 μm; Vei
leder, 02:2018), to take into account the strong correlation between
sediment grain size and TOC concentrations (Kennedy et al., 2002).
Grain size distributions, performed on non-acidified samples, were
determined using a Beckman Coulter LS13320 with laser diffraction at
the Department of Geoscience, University of Oslo.
2.9. Statistical analysis
Differences in the (arithmetic) mean foraminiferal C-uptake, Cuptakebio, C-uptakerB, DOU, OCI and OPD were analysed using separate
two-way Analyses of Variance (ANOVA) with experimental treatment
(C, L, H) and location (Inner, Middle, Outer) as fixed factors. As one of
the O2 micro-profiles could not be used, unbalanced type III ANOVAs
were used for the DOU, OCI and OPD. Significant differences were
further analysed using Tukey post-hoc tests. Prior to analysis, the data
were checked to determine whether the parametric assumptions were
met using the Shapiro-Wilk normality test and Levene’s homogeneity of
variances test. Data was root-transformed when necessary. ANOVA an
alyses are relatively robust to deviations from a normal distribution
(Underwood, 1996), so if the data were not normally distributed the
critical α was adjusted from 0.05 to 0.01. When data sets were normally
distributed, an α of 0.05 was chosen as a criterion for significance. All
statistical analyses were performed using the statistical language R
version 3.6.1 (R Core Team, 2019). For all parameters tested for sig
nificance, the standard error and mean were derived from 12 mea
surements. Except for the DOU, OCI and OPD from the Middle location
where only 11 measurements were available.
To visualize potential differences in foraminiferal assemblage
composition amongst samples separate correspondence analyses were
performed for the experiment and the rB-stained samples. For both
correspondence analyses, square-root transformed relative abundances

Table 1
List of terms and corresponding abbreviations.
Terms

Abbreviations

Analysis of Variance
Carbon uptake:
1) not normalized
2) normalized to rose Bengal (rB) densities
3) normalized to biomass
Diffusive O2 uptake
Experimental treatments

ANOVA

O2 concentration sediment water interface
O2 penetration depth
Total organic carbon, normalized to % < 63 μm
fraction in the sediment
Total organic carbon and total nitrogen ratio

5

1) C-uptake
2) C-uptakerB
3) C-uptakebio
DOU
Control (C) = phytodetritus
Low (L) = phytodetritus + 10 g
jellyfish
High (H) = phytodetritus + 30
g jellyfish
OCI
ODP
TOC63
C/N

A.T. Klootwijk et al.

Estuarine, Coastal and Shelf Science 261 (2021) 107535

2071 ± 365, 698 ± 90 and 583 ± 33 individuals per 10 cm− 2. Note that
the mean foraminiferal densities and standard errors were derived from
four samples. Normalising the C-uptake to the rB-densities, resulted in
mean C-uptakerB rates of 12.0 ± 2.0, 1.3 ± 0.2 and 2.7 ± 0.8 ngCalgae/
individual/d at the Inner, Middle and Outer locations, respectively. The
difference amongst the locations was significant (ANOVA, p < 0.001),
with a significant approx. 6-fold higher C-uptakerB at the Inner location
compared to the other locations (Fig. 3c). There was no significant dif
ference between the Middle and Outer location. The differences amongst
the experimental treatments were not significant (ANOVA, p = 0.975),
and mean C-uptakerB rates ranged from approx. 5.9 to 4.7 ± 1.5 ngCal
gae/individual/d. There was no significant interaction effect (ANOVA, p
= 0.386).
3.2. Foraminiferal assemblage-composition
The first two axes of the correspondence analyses explained 74.2 %
and 61.6 % of the total variability in the foraminiferal assemblage
composition from experimental cores and the rB-stained samples,
respectively (Fig. 4). The 15 most abundant taxa as determined from the
experiment assemblages (Table 2) comprised 79–95 % of the assem
blages in the experimental cores, and 58–82 % of the rB-stained as
semblages, respectively.
For the experimental assemblages, this was expressed by higher
relative abundances of Bulimina marginata, Nonionella turgida, and
Adercotryma glomeratum, and lower relative abundances of Bolivina
pseudopunctata, Nonionella iridea, Pullenia olsoensis, and Fissurina cf.
laevigata at the Inner location (Fig. 4a, Table 2). For the rB-stained as
semblages, this separation was expressed by higher relative abundances
of B. marginata, N. turgida, Hyalinea balthica, and A. glomeratum, and
lower relative abundances of P. olsoensis, Epistominella vitrea, N. iridea,
and the Cassidulina groups at the Inner location (Fig. 4b, Table 2). Small
agglutinated foraminiferal species (e.g. Reophax cf micaceus) were less
abundant in the experiment than in the rB-stained assemblages
(Table 2). In this study the cytoplasm of B. marginata, N. turgida,
A. glomeratum, N. iridea, and H. balthica, amongst some other less site
specific (e.g. E. vitrea) or abundant species, often had a bright green or
green-brownish colour.
A smaller portion of the variation was explained by the variability
amongst samples, where the second axes of the correspondence analyses
explained 9.7 % and 13.2 % for the experimental and rB-stained as
semblages, respectively (Fig. 4). The correspondence analyses also
showed that there was no clear difference in assemblage compositions
between the different experimental treatments, as samples with a Con
trol, Low and High treatment occurred amongst each another (Fig. 4a).
3.3. Environmental variables
The first axis of the principal component analysis performed on the
environmental parameters explained >99% of the variance amongst the
locations, where the depth explained most of the variance (Fig. 5). The
bulk sediment TOC63, % < 63 μm fraction, δ13CVPDB, total nitrogen,
δ15Nair, and C/N ratios varied only slightly amongst the locations
(Table 3), as did the bottom water O2 concentration, salinity and tem
perature (Table 3).
3.4. Sediment O2 dynamics

− 2

DOU rates were approx. 1.5-fold higher (ANOVA, p = 0.028) in cores
where jellyfish detritus was placed on top of the sediment (Fig. 6a). For
the experimental treatments, the mean DOU rates were 6.1 ± 0.5, 8.8 ±
0.8 mmol O2 d− 1and 9.4 ± 1.3 mmol O2 d− 1 for the Control, Low and
High treatment, respectively. Pairwise testing showed a significant dif
ference between the Control and the two jellyfish treatments but not
between the jellyfish treatments. No significant location effect (ANOVA
= 0.428; mean DOU range 6.1–8.6 mmol O2 d− 1), or interaction effect

− 1

Fig. 3. The arithmetic means of a) carbon uptake (μgC 10 cm d ), b) carbon
uptake normalised to biomass (μgCalgae/μgCbiomass) and c) normalised to rB
densities (ngCalgae/individual/d) for each treatment at each location. The
experimental treatments are depicted in grey tones: C = phytodetritus only; L =
phytodetritus +10 g Jelly; H = phytodetritus +30 g Jelly. Error bars denote ±
standard error (n = 12).
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Fig. 4. Biplots showing the correspondence analyses
results of the 15 numerically dominant species across
all locations in the assemblages from the experiment,
for a) experiment samples and b) rose Bengal field
samples. The locations are depicted in the colours,
red = Inner, orange = Middle, and blue = Outer,
where the coloured dots represent the centre of mass
for each sample. In a) the –C, -L and –H stand for the
Control, Low and High treatment, respectively. In b)
the -I, -M and -O stand for the Inner, Middle and
Outer location, respectively; as also indicated by the
colours. The species name abbreviations are depicted
in grey (for full names see Table 2), and represent the
centre of mass of the species within the ordination
plane.

(ANOVA, p = 0.825) was observed amongst the DOU rates.
The addition of jellyfish had a marginally significant effect on the
OCI (ANOVA, p = 0.011 therefore > 0.01) compared to the Control
treatment (Fig. 6b). The mean concentrations were 0.13 ± 0.02, 0.09 ±
0.01 mmol L− 1 and 0.05 ± 0.01 mmol L− 1 for the Control, Low and High
treatment, respectively. The OCI was not significantly different amongst
the locations (ANOVA, p = 0.035) and there was no significant inter
action effect (ANOVA, p = 0.236). The mean OCI concentrations were
0.11 ± 0.02, 0.05 ± 0.02 mmol L− 1 and 0.12 ± 0.02 mmol L− 1 for the
Inner, Middle and Outer location, respectively.
The OPDs were shallower by approx. 2.5-fold but did not show a
significant difference (ANOVA, p = 0.011 therefore > 0.01) in cores

where jellyfish was added versus the Control treatment (Fig. 6c). The
mean OPDs were 2.5 ± 0.7 (SE, n = 12), 0.8 ± 0.2 mm (SE, n = 12), and
1.1 ± 0.3 mm (SE, n = 11) for the Control, Low and High treatment,
respectively. The OPDs were significantly different amongst the loca
tions (ANOVA, p < 0.001), with a significantly lower OPD at the Middle
location (mean OPD was 0.5 ± 0.2 mm, [SE, n = 11]) compared to the
Inner and Outer locations where the mean OPD was 1.9 ± 0.3 and 2.0 ±
0.5 mm (SE, n = 12), respectively. OPD at the Inner and Outer locations
did not vary significantly, and the interaction term was also not signif
icant (ANOVA, p = 0.328).
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Table 2
Arithmetic mean relative abundances of species used in the correspondence analysis of both the experiment and the rose Bengal stained samples for each location.
Species explaining most of the variance on the first axis are marked bold. Error bars denote ± standard error (experiment: SE, n = 12; and rose Bengal stained: SE, n =
4).
Inner
Species

Abbreviation

Adercotryma glomeratum
Bolivina pseudopunctata
Bulimina marginata
Cassidulina group I
Cassidulina group II
Egerelloides medius
Elphidium cf subarcticum
Epistominella vitrea
Fissurina cf laevigata
Hyalinea baltica
Nonionella iridea
Nonionella labradorica
Nonionella turgida
Pullenia osloensis
Stainforthia fusiformis
Grouped remaining species
Small agglutinated spp

A_glo
B_pse
B_marg
C_GrI
C_GrII
E_med
E_cf_sub
E_vit
F_cf_lae
H_bal
N_iri
N_lab
N_tur
P_osl
S_fusi
Rest

Adercotryma glomeratum
Bolivina pseudopunctata
Bulimina marginata
Cassidulina group I
Cassidulina group II
Egerelloides medius
Elphidium cf subarcticum
Epistominella vitrea
Fissurina cf laevigata
Hyalinea balthica
Nonionella iridea
Nonionella labradorica
Nonionella turgida
Pullenia osloensis
Stainforthia fusiformis
Grouped remaining species
Small agglutinated spp

A_glo
B_pse
B_marg
C_GrI
C_GrII
E_med
E_cf_sub
E_vit
F_cf_lae
H_bal
N_iri
N_lab
N_tur
P_osl
S_fusi
Rest

Middle

(%)
Experiment
3.1
0.9
10.8
14.6
14.7
2.7
5.7
5.9
0.1
1.7
2.2
3.5
10.7
0.5
8.9
14.0
11.1
rB stained
1.7
2.4
8.4
6.9
2.2
4.5
2.5
5.9
0.1
1.2
7.8
2.0
7.2
2.6
16.6
28.6
22.0

4. Discussion

Outer

SE

(%)

SE

(%)

SE

0.4
0.2
1.4
1.4
1.9
0.3
1.0
0.9
0.1
0.3
0.4
0.9
2.0
0.2
1.2
1.2
0.9

0.4
3.9
0.7
29.0
20.1
0.6
5.0
4.1
1.9
1.5
4.5
3.5
0.5
11.3
4.2
11.0
4.4

0.1
0.4
0.2
3.1
1.6
0.2
0.6
0.8
0.5
0.3
1.0
1.0
0.2
0.7
0.4
0.6
0.5

0.3
4.0
0.7
18.4
22.8
1.3
10.5
4.2
2.9
2.8
4.6
2.8
0.1
9.3
3.4
9.8
4.1

0.1
0.5
0.2
1.0
1.2
0.2
0.9
0.5
0.2
0.3
0.3
0.3
0.0
1.3
0.5
0.7
0.3

0.6
0.6
2.2
1.7
0.7
1.3
1.1
2.6
0.1
0.3
2.7
0.3
2.9
0.2
6.2
5.4
4.2

0.8
1.2
0.7
7.4
3.2
3.9
1.8
16.9
0.1
0.5
8.0
2.4
2.6
12.4
11.0
27.3
19.1

0.2
0.5
0.1
1.4
0.5
0.3
0.8
4.0
0.1
0.0
0.6
0.6
1.2
3.2
4.7
3.1
3.2

0
0.8
1.2
23.1
4.8
1.9
3.0
17.1
0.1
0.5
10.1
1.4
2.0
8.5
4.0
22.9
14.3

0
0.5
0.3
6.8
0.9
0.8
0.8
3.2
0.1
0
3.6
0.6
0.9
1.4
1.7
1.5
1.3

relatively high foraminiferal biomass, as the C-uptake rates normalised
to biomass showed that the total biomass explained just under 50 % of
the difference amongst the locations (Fig. 3b). The results from Kaldf
jorden are in agreement with previous findings (Middelburg et al., 2000;
Moodley et al., 2005; Woulds et al., 2009, 2016) that have shown that
the relative biomass of different faunal groups played an important role
in the C-uptake rates. Foraminiferal densities and biomass are
non-exclusive factors as higher foraminiferal densities often result in a
higher biomas. The current study showed that while less important than
biomass, differences in foraminiferal densities explained approx. 20 % of
the differences in the C-uptake rates amongst the locations (Fig. 3c). The
rB-densities normalised results thus showed that foraminifera at the
Inner location assimilated significantly more algal carbon per individual
than at the other two locations. This indicates that the assemblage
composition also plays a role in the foraminiferal C-uptake.
Previous studies have found that C-uptake rates vary greatly amongst
foraminiferal species (Lintner et al., 2020; Wukovits et al., 2018), and
tend to be driven by a select few species in the assemblage (Enge et al,
2014, 2016; Linshy et al., 2014; Nomaki et al., 2005). In Kaldfjorden
both the experimental and rB-stained foraminiferal assemblages at the
Inner location were characterized by higher relative abundances of
B. marginata and N. turgida than the two locations further outwards
(Table 2). Studies have shown that species in the family Buliminidae
(such as B. marginata) are especially effective phytodetrital carbon
consumers (Enge et al., 2014; Nomaki et al., 2005, 2006). Species in the
family Nonionidae have also been positively associated with fresh
phytodetrital input (e.g. Duffield et al., 2015; Gooday and Hughes,
2002). As the cytoplasm of B. marginata, N. turgida, and N. iridea in this

4.1. Foraminiferal C-uptake
Earlier isotope tracer studies have shown that foraminiferal C-uptake
rates can vary greatly, ranging from 0.01 to 8.5 μg C 10 cm− 2 d− 1 in
different environmental settings (e.g. Enge et al., 2016; Nomaki et al.,
2005; Woulds et al., 2016). The range of published C-uptake rates
encompassed C-uptake rates from the Middle and Outer locations in
Kaldfjorden, but the rates from the Inner location were over twice as
high as the highest value published so far. The 8.5 μg C 10 cm− 2 d− 1
observed by Enge et al. (2016) must however be regarded as the mini
mum foraminiferal C-uptake, since only the 9 most abundant species in
the >125 μm size fraction were analysed (Enge et al., 2014, 2016). The
C-uptake in Kaldfjorden could be underestimated as despite careful se
lection, foraminifera that died during the experiment but appeared alive
may have been selected for C-uptake analyses as their cytoplasm had
little time to decay in the 2-day experiment. The 20-fold higher fora
miniferal C-uptake rate at the Inner location in Kaldfjorden highlights a
clear contrast in foraminiferal C-cycling from the inner to the outer fjord
(Fig. 3a). Previously differences in foraminiferal C-uptake have been
attributed to differences in assemblage composition, biomass, feeding
preferences of species, and foraminiferal vs microbial activity (e.g. Enge
et al., 2016; Sweetman et al., 2009; Woulds et al., 2016). The differences
amongst locations in Kaldfjorden could be caused by differences in one
or more of three factors: 1) total biomass; 2) foraminiferal densities; and
3) assemblage composition.
The high C-uptake at the Inner location seemed partly caused by the
8

A.T. Klootwijk et al.

Estuarine, Coastal and Shelf Science 261 (2021) 107535

foraminiferal assemblages from relatively shallow inner fjord regions
(Alve, 1991; Alve and Nagy, 1990; Austin and Sejrup, 1994; Husum and
Hald, 2004; Klootwijk et al., 2020). Small agglutinated foraminiferal
species were, however, less abundant in the experimental assemblages
than in the rB-stained assemblages (Table 2) and virtually no tests of e.g.
Reophax cf micaceus were observed in the experimental assemblages.
This suggests that some of the more fragile tests from smaller aggluti
nated species may have been destroyed whilst processing the experi
mental samples. As carbon processing is often primarily determined by
total biomass (e.g. Woulds et al., 2016, Fig. 3), the C-uptake rates in
Kaldfjorden are considered relatively unaffected by the lack of C-uptake
from smaller agglutinated foraminifera as their contribution can be
considered negligible.
Previous studies using both long-term (several 100 years) sediment
core records and living foraminifera, found higher relative abundances
of B. marginata and agglutinated foraminifera (incl. A. glomeratum) in
the inner region of the fjord compared to further outwards (Duffield
et al., 2017; Husum and Hald, 2004), which is in line with the results
from this study. Long-term sediment core records dating back to times
without anthropogenic influences found no major changes in relative
abundances of B. marginata and members of the Nonionidae family in
the inner part of Øksfjorden, northern Norway (Klootwijk et al., 2020).
Preliminary results from sediment cores taken in Kaldfjorden suggest
that anthropogenic activities had little impact on foraminifera at the
Inner location, as the assemblage composition did not greatly change
over time (Vågen, 2018). This and previous studies thus indicate that
B. marginata and N. turgida, considered important species for the C-up
take at the Inner location in Kaldfjorden, might naturally occur in
relatively high abundances in the inner regions of fjords. If the forami
niferal species distribution in this study is representative for other fjords,
than these inner regions could be sites of relatively high foraminiferal
C-cycling activity.

Fig. 5. Principal component analysis of the in situ-environmental variables:
normalised total organic carbon (TOC63; mg g− 1); grain size (Gr; % < 63 μm);
stable carbon isotope ratio (δ13C; δ13CVPDB); total nitrogen (TN; %); stable ni
trogen isotopes (δ15N; δ15Nair); and total carbon and total nitrogen ratios (C/N);
water depth (D; m); and bottom water O2concentration (mL L− 1); salinity (Sal);
and temperature (Temp; ◦ C). Note that the organic geochemistry parameters
represent bulk sediment samples.

study frequently had a bright green-to-green-brownish colour it is likely
that these species actively ingested the fresh algal detritus supplied in
the experiment. Alternatively, these species could have incorporated a
fresh algal detritus source that was present during sampling, but this is
less likely as the main phytoplankton bloom in northern Norway occurs
in April–May (Lalande et al., 2020). E. vitrea was distributed evenly
amongst the sampled locations in Kaldfjorden (Fig. 4) and was therefore
not considered responsible for the differences in C-uptake rates amongst
the locations. The species containing a green cytoplasm coloration
however, confirmed previous suggestions that this species responds
positively to fresh phytodetrital carbon input (Duffield et al., 2015;
Klootwijk et al., 2020). Overall, the 20 times higher foraminiferal
C-uptake at the Inner location in Kaldfjorden seems likely due to the
higher biomass and foraminiferal densities in combination with higher
relative abundances of B. marginata and N. turgida at this location.

4.3. Environmental parameters
Previous studies that observed large differences in benthic forami
niferal assemblage composition and densities were accompanied by
strong differences in sediment organic geochemistry (e.g. Duffield et al.,
2017; Mojtahid et al., 2009). The same has also been observed for
macrofauna (McGovern et al., 2020), though another study found that
strong differences in macrobenthic community composition were only
weakly correlated with environmental parameters (Kokarev et al.,
2021). In Kaldfjorden the foraminiferal assemblage composition,
biomass, and density differed greatly amongst the locations, but the
environmental parameters differed only slightly (Fig. 5). The environ
mental parameters were however only measured once in September, and
as such are a snapshot in time that may not be typical of the environ
mental conditions. Marine organic matter C/N ratios are typically lower
than 8, and marine particulate organic carbon δ13CVPDB typically ranges
from approx. − 21 ‰ to − 18 ‰ (e.g. Lamb et al., 2006; Meyers, 1994).
The low C/N ratios (< 6.2) from Kaldfjorden indicate a relatively strong
contribution of marine organic matter to the sediment, though the
slightly more negative δ13CVPDB value at the Inner location may indicate
a marginally higher terrestrial organic matter input at this location

4.2. Foraminiferal assemblage composition
The foraminiferal assemblages in Kaldfjorden contained species that
are found in fjords along the entire Norwegian coastline (e.g. Murray
and Alve, 2016). Previous studies indicate that B. marginata and
agglutinated foraminifera (e.g. A. glomeratum) are common species in

Table 3
The environmental parameters taken in September 2017. The bulk sediment geochemistry: normalized total organic carbon (TOC63); grain size distribution; stable
carbon isotope ratio (δ13CVPDB); total nitrogen; stable nitrogen isotopes (δ15Nair); total organic carbon and total nitrogen ratios (C/N); in addition to the water depth, all
from this study. Bottom water O2 concentrations provided by A. Renner, bottom water salinity and temperature provided by Chierici et al. (2019).
TOC63
Location

mg g

Inner
Middle
Outer

25.0
24.0
34.2

− 1

Grain size

δ13CVPDB

Total nitrogen

δ15Nair

% < 63 μm

‰

%

‰

75.4
67.9
91.9

− 22.3
− 21.8
− 21.8

3.9
2.9
5.6

6.2
5.8
5.7

*un-calibrated values.
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C/N
5.2
6.2
5.8

Water depth

O2*

m

mL L

111
140
236

5.4
5.3
5.3

Salinity
− 1

Temperature
◦

34.1
34.3
34.4

C

7.1
6.5
6.4
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Kaldfjorden may have sustained the higher foraminiferal biomass at this
location. Preliminary sediment core results from the Inner location in
Kaldfjorden give no clear indication that the foraminiferal density has
greatly changed due to anthropogenic influences (Vågen, 2018), sug
gesting that the causes for the high biomass at the Inner location are
most likely natural. Previous studies have shown that riverine input may
influence important biochemical processes, e.g. primary productivity
(Frigstad et al., 2020; McKee et al., 2004), and the macrofaunal com
munity has also been reported to feed on terrestrial organic matter from
riverine input (Kokarev et al., 2021; McGovern et al., 2020; McMahon
et al., 2021). Additionally, one study found the highest macrofaunal
community biomass closest to the river outlet in their inner to outer
fjord transect (McGovern et al., 2020). In Kaldfjorden, the number of
small rivers draining into the fjord decreases towards the outer fjord
(Fig. 1), and it is plausible that riverine input has some influence on the
Inner location that has yet to be further defined. Overall, this study
highlights a complex trophic system where strong differences in the
foraminiferal assemblage structure did not coincide with major differ
ences in environmental parameters that are typically linked with dif
ferences in foraminiferal assemblage structure.
4.4. Foraminifera and jellyfish detritus
In Kaldfjorden, the Low jellyfish treatment represented 66 % and the
High jellyfish treatment 89 % of the annual particulate organic matter
flux, which was estimated at approx. 11 g C m− 2 yr− 1 (Lalande et al.,
2020). Previously, reduced macrofaunal C-uptake rates were observed
in the presence of jellyfish detritus compared to samples without added
jellyfish (Sweetman et al., 2016). Foraminiferal C-uptake rates in
Kaldfjorden did not significantly change when jellyfish detritus was
placed on top of the sediment (Fig. 3), which could be due to some
challenges associated with this experimental study. Foraminifera are
known to be sensitive to changes in the environmental conditions (e.g.
Sen Gupta, 1999), and the Control treatment in this experiment involved
manipulating the in situ environmental conditions by adding phytode
trital carbon. It is possible that the added phytodetritus affected the
foraminifera at the Middle and Outer location to such an extent that the
additional jellyfish detritus on top of the sediment had no additional
effect (Fig. 3).
Additionally, using 13C labelled algae as a tracer to assess the impact
of jellyfish detritus on benthic foraminifera relies on the presumption
that the foraminifera will feed on the algae. The green cytoplasm of the
majority of species suggests they actively ingested the algal detritus, but
not all species ingested the phytodetritus, which may be due to feeding
preferences. For example, previous studies suggest that P. osloensis and
B. pseudopunctata, characteristic species for the Middle and Outer loca
tion, do not feed on fresh phytodetritus (Alve and Bernhard, 1995; Das
et al., 2006; Smart and Gooday, 1997). This was also indicated by their
opaque light yellow-brownish coloured cytoplasm in this study, sug
gesting that these two species, and potentially also other species, did not
feed on the provided fresh phytodetritus. The latter may have contrib
uted to the relatively low C-uptake rates and could also partly explain
the lack of a response to jellyfish detritus at the Middle and Outer
location. The C-uptake rates from the outer two locations furthermore
suggest that the species that did actively ingest algal detritus at these
locations (e.g. E. vitrea and N. iridea) were not affected by jellyfish
detritus (Fig. 3). Unlike at the two locations further outwards, the mean
C-uptake rates at the Inner location in Kaldfjorden were somewhat
lower, albeit not significant, when jellyfish was added (Fig. 3). This may
indicate a reduction in the foraminiferal C-uptake in the presence of
jellyfish detritus at the Inner location.

Fig. 6. Sediment O2 dynamics: a) Diffusive O2 Uptake (DOU, mmol O2 m− 2
d− 1); b) O2 concentrations at the sediment water interface (OCI, mmol L− 1); and
c) the O2 penetration depth in the sediment (OP, mm). Note that the axis in c) is
inverted. Experimental treatments are depicted by coloured symbols: C =
phytodetritus only (blue diamond); L = phytodetritus + 10 gr Jelly (red circle);
H = phytodetritus + 30 gr Jelly (green triangle). Error bars denote the ±
standard error n = 12, except for the Middle location L treatment were n = 11.

(Table 3). These results are in agreement with sediment trap study re
sults from Kaldfjorden that indicated a slightly higher primary produc
tivity, potentially from a higher riverine input, at the inner region
compared to the outer region (Lalande et al., 2020).
Marine organic carbon is, amongst other things, comprised of algal
detritus from primary productivity, and is generally regarded as more
labile (bio-available) than terrestrial organic carbon (e.g. Hedges and
Keil, 1995). The slightly higher food quality at the Inner location in

4.5. Sediment O2 dynamics
DOU in sediments from Kaldfjorden was significantly higher by
approx. 1.5-fold when jellyfish detritus was added (Fig. 6a), which is
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consistent with previous studies (Sweetman et al., 2016; West et al.,
2009). The remineralisation of older, less reactive organic matter in
sediment decreases with increased carbon loading (van Nugteren et al.,
2009), and the higher DOU measured when jellyfish detritus was added
in this study should be a reflection of the microbial and meiofaunal
response (Glud, 2008; Glud et al., 1994). The clear response of DOU to
jellyfish detritus is in contrast with the foraminiferal C-uptake which
only differed significantly amongst the locations. This suggests that
foraminifera as a meiofaunal group were probably not the main driver
behind the DOU in Kaldfjorden. The significant rise in DOU in sediments
from Kaldfjorden was therefore likely due to increased microbial
metabolism as previously observed by Sweetman et al. (2016) and Billett
et al. (2006).
Scavengers and currents are known to disperse jellyfish carrion and
thus reduce the concentrations at the sea floor (e.g. Dunlop et al., 2018;
Sweetman et al., 2014; Sweetman and Chapman, 2011) and their
absence in the experimental setting could have exaggerated both the
concentrations and natural retention time of jellyfish carrion on top of
the sediment. However, the Kalfjorden DOU were not significantly
different between the two jellyfish detritus concentrations (Fig. 6a). This
could indicate that the benthic communities reached their carbon pro
cessing saturation but also that the presence of jellyfish detritus on the
sediment has a stronger effect than the additional carbon from the jel
lyfish. The latter would point to a smothering-like effect from the jel
lyfish detritus sitting on top the sediment obstructing O2 diffusion into
the sediment.
The almost significantly lower OCI and OPD at the Inner and Outer
location when jellyfish was placed on top of the sediment (Fig. 6),
suggests that the O2 diffusion into the sediment was reduced. The
findings from this study support previous suggestions (based on indirect
evidence) that the presence of jellyfish on top of the sediment can affect
pore-water O2 conditions (Chelsky et al., 2016; Sweetman et al., 2016).
Previously, B. marginata has been shown to migrate upwards and even
out of the sediment (Alve and Bernhard, 1995), and reduce its physio
logical activity when O2 concentrations decline (Bernhard and Alve,
1996). It is therefore possible that changes in pore-water O2 conditions
negatively affected B. marginata specimens (and potentially also other
species) at the Inner location, and that the lower OCI and OPD induced
by jellyfish detritus led to lower foraminiferal C-uptake rates. Though
the OCI and ODP significantly differed between the Middle and Outer
location the foraminiferal C-uptake rates did not, and there appeared to
be no obvious relationship between the parameters at these locations
(Figs. 5 and 6). This study suggests that short-term changes in OCI and
OPD introduced by the addition of jellyfish detritus may only have had a
marginal effect on benthic foraminiferal carbon processing, and that this
effect could be dependent on the assemblage composition.

of short-term changes in the sediment O2 dynamics on foraminiferal Cuptake was only observed at the inner-fjord location. This indicates that
the effect of jellyfish detritus on foraminiferal C-uptake rates was little
and that the assemblage composition, e.g. the presence of B. marginata,
could play a role if any effect can be observed at all. The results from this
study suggest that the coastal habitats where the highest amounts of
organic carbon are being processed may also be the most sensitive to
changes in the sediment O2 dynamics. This would make these areas
vulnerable to changes in riverine input but also anthropogenic organic
carbon enrichment.
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5. Summary and conclusions
Foraminiferal C-cycling varied strongly within the fjord with a 20fold higher C-uptake at the inner-fjord location. This was likely caused
by a combination of the higher foraminiferal biomass, and high relative
abundances of Bulimina marginata and Nonionella turgida here compared
to the middle and outer fjord location. The assemblage composition and
foraminiferal biomass are thus considered important factors driving
foraminiferal C-uptake rates. Strong differences in foraminiferal
assemblage structure amongst the locations were not explained by
strong differences in the investigated environmental parameters, but
slight differences in primary productivity potentially influenced by
riverine input or riverine input itself could have played yet to be defined
roles. The non-significant differences in diffusive O2 uptake rates be
tween the jellyfish treatments (High and Low), in combination with the
almost significantly lower O2 concentrations at the sediment water
interface and O2 penetration depth when jellyfish was placed on top of
the sediment at the Inner and Outer location, suggest that jellyfish
detritus may obstruct O2 diffusion into the sediment. A potential effect
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