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Abstract

Zooplankton consumption of sinking aggregates affects the quality and quantity of organic carbon exported
to the deep ocean. Increasing laboratory evidence shows that small particle-associated copepods impact the flux
attenuation by feeding on sinking particles, but this has not been quantified in situ. We investigated the impact
of an abundant particle-colonizing copepod, Microsetella norvegica, on the attenuation of the vertical carbon flux
in a sub-Arctic fjord. This study combines field measurements of vertical carbon flux, abundance, and size-
distribution of marine snow and degradation rates of fecal pellets and algal aggregates. Female M. norvegica
altered their feeding behavior when exposed to aggregates, and ingestion rates were 0.20 ug C ind.”! d! on
marine snow and 0.11 g C ind.”! d™! on intact krill fecal pellets, corresponding to 48% and 26% of the
females’ body carbon mass. Due to high sea surface abundance of up to ~ 50 ind. L', the population of
M. norvegica had the potential to account for almost all the carbon removal in the upper 50 m of the water col-
umn, depending on the type of the aggregate. Our observations highlight the potential importance of abundant
small-sized copepods for biogeochemical cycles through their impact on export flux and its attenuation in the

twilight zone.

The quantity of carbon that leaves the surface ocean and its
attenuation deeper down in the water column depends pri-
marily on the balance between the carbon production and car-
bon remineralization. Large and dense particles such as fecal
pellets and marine snow are generally important contributors
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to the carbon export (Fowler and Knauer 1986). While fecal
pellets are produced by zooplankton as rather well-defined
particles, marine snow, defined as organic particles > 500 ym
in equivalent spherical diameter (Alldredge and Silver 1988),
are formed when smaller particles collide and stick together
(Alldredge and Jackson 1995). Marine snow are particles of
various shapes and usually difficult to describe systematically
(but see Trudnowska et al. 2023) and may represent an impor-
tant food source (Green and Dagg 1997; Cawley et al. 2021). A
majority of the particles produced in surface ocean are there-
fore degraded and remineralized by microbes (Steinberg
et al. 2008) and zooplankton (Turner 2002) and never
reach the sea floor. Most of the vertical flux attenuation
takes place in the upper 100 m, where the concentration of
mesozooplankton is high and particle degradation by feeding
copepods is important (Iversen 2023). Microbial degradation
of sinking particles is equally important in deeper water,
where the mesozooplankton concentration is low (Iversen
et al. 2010; Iversen 2023).
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Aggregate fragmentation is an important process for control-
ling the vertical flux of organic carbon in the ocean (Briggs
et al. 2020). A variety of mesozooplankton groups has been
found to feed on marine snow, including copepods, euphau-
siids, amphipods such as Themisto, nematodes, and polychaetes
larvae (Alldredge 1972; Lampitt et al. 1993; Norrbin et al. 1996;
Green and Dagg 1997; Kierboe 2000; Cawley et al. 2021; Koski
and Lombard 2022). The ingestion of sinking particles such as
marine snow may occur through different feeding strategies
and hence the impact of zooplankton on vertical flux attenua-
tion is highly related to their feeding mode (Koski et al. 2017;
Stukel et al. 2019). Most calanoid copepods are current-feeding,
also referred to as suspension-feeding or filter-feeding
(Kigrboe 2011) and may detect settling aggregates by hydrome-
chanical signals (Visser and Jonsson 2000) or chemical trails
(Kigrboe 2001). Current-feeding copepods may also break up
larger particles like marine snow and fecal pellets into smaller
and slower sinking objects, thus affecting vertical carbon flux
indirectly (Iversen and Poulsen 2007; Svensen et al. 2012).
Cruise-feeding copepods may search for marine snow to colo-
nize and feed on (Kigrboe 2000), while ambush feeding cope-
pods like Oithona spp. utilize hydromechanical signals to detect
and feed on sinking or swimming prey particles (Svensen and
Kigrboe 2000). A special case of ambush feeders are the flux
teeders (Kigrboe 2011), described as organisms passively collect-
ing sinking particles in mucus nets, such as Pteropods
(Jackson 1993). For flux feeders, the feeding rate is proportional
to the concentration of particles and their sinking velocity
(Jackson 1993). Some copepod species, such as Oncaea spp.,
Triconia spp., and Microsetella norvegica, appear especially
adapted to feed on aggregated food (Koski et al. 2020; Koski
and Lombard 2022) and feed poorly on suspended particles
(Koski et al. 2005, 2017), unless the concentration of
suspended particles is high (Uye et al. 2002). Copepods with
this specific behavior are referred to as particle- or aggregate-
colonizing copepods. While suspension or ambush feeding
copepods most often feed on marine snow particles in propor-
tion to their availability, particle-colonizing copepods will
actively search for aggregates (Kigrboe 2011). The importance
of particle-colonizing copepods as degraders of marine snow
will hence depend on the copepod abundance, while the effect
of suspension-feeding calanoid copepods might thus mainly
depend on the concentration of marine snow particles in rela-
tion to other food sources (Koski and Lombard 2022). Particle-
colonizing copepods are therefore considered important for the
carbon budgets of the surface oceans (Koski et al. 2020).

In a wide range of coastal ecosystems ranging from 34°N to
70°N, M. norvegica can occur at high densities, provided that
they are sampled with, for example, small mesh-sized nets or
water bottles (Arendt et al. 2013; Svensen et al. 2018). For
example, M. norvegica may reach high densities of > 70,000
ind. m™? in a variety of ecosystems such as Godhépsfjord
(Greenland), Porsangerfjorden (northern-Norway), and the
Inland Sea of Japan (Uye et al. 2002; Arendt et al. 2013;
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Mooney et al. 2023). Hence, M. norvegica may outnumber
calanoid copepods and other consumers of marine snow parti-
cles. Previous studies show that M. norvegica can cover its daily
metabolic demands by feeding on a variety of aggregates, and
most of the carbon is consumed in the upper 0-50 surface
layer where the copepod is most abundant (Koski et al. 2020).
Despite the general important role of zooplankton for regulat-
ing the biological pump, direct evidence of interactions
between zooplankton and aggregates are rare (van der Jagt
et al. 2020). This is also the case for M. norvegica. Although it
has previously been observed associated with marine snow in
situ (Green and Dagg 1997; Mooney et al. 2023) and ingestion
rates have been quantified (Koski and Lombard 2022), few
studies have done both simultaneously. In this study, we
attempt to combine in situ observations of marine snow and
M. norvegica with estimates of ingestion rates, measurements
of the vertical carbon flux from sediment traps and a descrip-
tion of the behavior of M. norvegica in relation to sinking
marine snow and fecal pellets. We hypothesized that (1) high
concentrations of M. norvegica coincide with high carbon flux
attenuation due to its colonization and feeding on sinking
aggregates, and that (2) the importance of M. norvegica on the
carbon flux attenuation is dependent on the aggregate type.
By combining in situ observations and laboratory measure-
ments, we aim to highlight the potential importance of a
small-sized and under-sampled particle-colonizing copepod
for carbon consumption and export in a high latitude coastal
ecosystem.

Materials and methods

Site description

The study was conducted during 2 consecutive years in the
sub-arctic Balsfjord (sill depth 55 m) on June 18-21, 2017 and
June 11-14, 2018, at station Svartnes (69°21.8'N, 019°07.0E,
basin depth 180 m). Balsfjord is a productive cold-water fjord
located above the polar circle, featuring arctic light conditions
with midnight sun during summer (May-July) and polar night
in winter (November—January). In winter the water column is
cold (typically 1-3°C) and often vertically mixed. In summer
the water column tends to be strongly stratified with warmer
and fresher surface waters (Eilertsen and Taasen 1984;
Eilertsen and Skardhamar 2006). Phytoplankton abundance is
high in April (Eilertsen et al. 1981) and the primary produc-
tion peaks in April (up to 1000 mg C m > d~') and remains
high until August (around 200-400 mg C m 2 d ') (Eilertsen
and Taasen 1984). The study site represents a high-latitude
fjord with strong seasonal pulses of productivity and arctic
features regarding temperature and light regime.

Sampling and analysis

Temperature, salinity, and fluorescence in the water column
were measured with a conductivity, temperature, and depth
probe (CTD, Seabird SBE911+) equipped with a fluorescence
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sensor, at an approximate interval of 4 h, obtaining a total of
12 profiles during each of the two sampling campaigns.

Samples of water for chlorophyll a (Chl a), particulate
organic carbon (POC) concentrations, community composi-
tion of planktonic protist (including autotrophic protist com-
monly named phytoplankton) and abundance of small
metazoans were collected at 0, 10, 50, 90, and 120 m depth,
using a 30-liter GoFlo water bottle (General Oceanics). Sam-
ples were collected twice during each field campaign, and the
mean of these two values is presented. For total Chl
a concentration, triplicate subsamples of 200 mL were filtered
onto GF/F filters. In addition, one replicate of 300 mL was fil-
tered onto a 10-um Millipore filter for the concentration of
Chl a in the > 10 um particle size fraction. The filters were
stored frozen (—20°C) for <1month and then Chl
a concentration was determined with Turner design fluorome-
ter after 20 h extraction in 5 mL methanol and according to
the acidification method (Holm-Hansen et al. 1965). For POC
concentration, triplicates of 300-500 mL aliquots of the water
sample were filtered onto pre-combusted GF/F filters. The fil-
ters were stored frozen (—20°C) until analyzed on an elemen-
tal analyzer (Lab Leeman 440 Elemental Analyzer), after
fuming with concentrated HCI to remove inorganic carbon
(calcium carbonate).

For analyses of the protist plankton composition, subsam-
ples of 100 mL were collected from each depth. The samples
were fixed with an acidic Lugol’s solution to a final concentra-
tion of 2% and stored in dark bottles until laboratory analysis.
Subsamples were analyzed according to the protocols
described by Utermohl (1958) and modified by Edler (1979).
Protists were counted under an inverted microscope equipped
with phase and interference contrasts (Nikon Eclipse TE-300).
Microplankton (> 20 ym) was enumerated from the entire
chamber surface at 100x magnification. Nanoplanktonic cells
(3-20 pm) were counted at 400x magnification by moving the
field of view along the length of three transverse transects. For
the most numerous taxa, up to 50 specimens were counted.
Systematic affiliation of the identified taxa was verified against
the World Register of Marine Species (WoRMS). Except for the
indeterminate flagellates (Flagellate indet.), other taxa were
classified into one of the major units in the rank of class or
phylum.

The remaining 20 liters of the GoFlo bottle was gently emp-
tied via a silicone tube attached to the GoFlo outflow valve.
The water sample was concentrated onto a 20-ym meshed
sieve and transferred to a PVC bottle for later counts of
M. norvegica. In addition, the zooplankton community was
sampled with a WP-2 type net (Hydrobios Apparatebau
GmbH) in two depth intervals (50-0 and 170-50 m). The net
and its cod end had a mesh size of 64 ym and was used with a
closing mechanism for stratified sampling. Due to the small
mesh-size, the net was hauled vertically at low speed, 0.2—
0.3 m s~ . Five vertical profiles (at approximately 6-h intervals)
were sampled in 2017 to quantify differences in vertical

Microsetella and carbon flux attenuation

distributions over a 24-h cycle. In 2018, one profile for abun-
dance was sampled during daytime, while the diel vertical dis-
tribution of zooplankton was determined using in situ optics
(see below). On deck, the contents of the cod-ends were gently
rinsed onto a 64-um sieve and transferred to 100-mL PVC bot-
tles. All zooplankton samples were preserved with sodium tet-
raborate buffered formaldehyde in filtered seawater at 4% final
concentration.

Zooplankton samples were examined with an Olympus
model SZX7 stereomicroscope according to the procedures
described in Sameoto et al. (2000) and Kwasniewski et al. (2010).
Additionally, copepodite life stages CI-CV of M. norvegica were
identified at higher magnification using an Olympus light
microscope model BX50. Zooplankton identification and enu-
meration was carried out on subsamples obtained from the
entire sample by taking 2 mL aliquots from a known volume of
the sample dispersed in a calibrated beaker. From each sample,
at least 500 individuals were examined from 5 to 10 subsamples.
The remainder of the sample was screened in its entirety for the
presence of individuals of rare species. Half of the GoFlo samples
were examined in their entirety, while for the other half and for
a few of WP-2 net samples, splitting with a box splitter was
required before subsampling due to extremely high zooplankton
abundances. The smallest fraction analyzed in detail for GoFlo
samples was 1/6 of the whole sample, and for the WP-2 net sam-
ples it was 1/120.

The population biomass of M. norvegica was estimated using
stage-specific body length, empirical length-carbon correlation
for individual stages (Uye et al. 2002), and data on the number
of copepodid stages in the samples obtained in this study.

Under water imaging

In addition to net-tows and water bottle sampling, high-
resolution images were obtained with an autonomous digital
Video Plankton Recorder (VPR; Seascan Inc) to investigate the
vertical abundance and distribution of M. norvegica, marine
snow and fecal pellets at higher temporal and spatial resolu-
tion. The VPR was equipped with a Unix 1.4 megapixel black
and white camera, a synchronized Xenon strobe, and addi-
tional hydrographic sensors including a Seabird SB49 Fastcat
CTD and a WetLabs Ecopuck fluorescence/turbidity sensor.
We used a camera setting with a magnification best suitable
for the abundant mesozooplankton species (e.g., copepods),
and a 22 x 32.5 mm field of view, resulting in a calibrated
image volume of 35.2 mL per frame and a pixel resolution
of 24.3 ym.

The instrument was undulated between surface and bottom
from a ship at anchor with a vertical velocity of ca 0.8 m s,
sampling on average 20 images s~ '. The compressed data were
uploaded to a computer for analysis beginning with extraction
of regions of interest (ROIs) using the Autodeck program
(Seascan Inc.). Postprocessing was done using the Visual Plank-
ton package (CS Davis, Woods Hole Oceanographic Institution)
and own Matlab (Marth Works) scripts (F. Norrbin) to obtain
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vertical concentrations and size-distributions of particles. For
selected profiles, full manual analyses of the entire frames were
made (4000-5000 image frames in each depth profile), reveal-
ing detailed distribution of M. norvegica, marine snow, fecal pel-
lets, and copepods attached to fecal pellets.

In 2017, we made five VPR casts, each comprising three to
five “tow-yos” (down and up vertical profiles), at different
times of the day and night. In 2018, we sampled continuously
for 24 h, pausing only to download data and change the batte-
ries. The volume sampled for each vertical profile was approxi-
mately 150 liters and the total volume for each “tow-yo” is
thus 300 liters.

VPR imaging data from both years were used to obtain an
index of fine-scale vertical abundance and distribution of
M. norvegica individuals, marine snow, fecal pellets and
M. norvegica attached to FP. Hourly weighted mean depths
(WMD) is a common measure of the center of gravity of verti-
cal distribution patterns to observe overall changes in vertical
depth distribution over the whole water column and were
computed for each VPR deployment as: WMD = (> "n;d;/> n;),
where n; is the respective abundance (ind.”! L) in depth stra-
tum I (stratum thickness 1 m) with midpoint depth d; (Frost
and Franzen 1992).

Downward flux of carbon and particles

The downward flux of sinking material was measured at
20, 30, 50, 90, and 120 m, using short-term sediment traps
(KC Denmark). The traps consisted of two to four plexiglass
cylinders, each with a volume of 1.8 liters and aspect ratio
6.25, mounted in a steel frame attached to a mooring. The
mooring was anchored to the sea floor, and the deployment
time was 22-24 h. For cylindrical traps, an aspect ratio above
5 is likely to ensure good collection efficiency (Buesseler
et al. 2007). The catch-efficiency of sediment traps similar to
those applied here has previously been evaluated as compara-
ble with estimates of downward carbon flux obtained with the
234Th method (Coppola et al. 2002) and neutrally buoyant
sediment traps (Baker et al. 2020).

One 24-h deployment was conducted in 2017, and five
deployments were conducted in 2018. After recovery of the
mooring, the content of the cylinders from each deployment
depth was gently pooled, and subsamples were taken for ana-
lyses of the Chl a and POC flux and the composition of sink-
ing protist plankton. The samples were treated and analyzed
as described for the water column samples. Swimmers were as
far as possible removed from the filters after filtration of the
sediment trap material. To compare the relative reduction of
carbon in the surface in 2017 and 2018, the fractional loss
rates of carbon flux (F) between 20 and 50 m were calculated
as 1 — Fso/Fz0, where Fsg and Fy is the carbon flux (mg C m—2
d™!) measured at 50 and 20 m, respectively (van der Jagt
et al. 2020).

Sinking velocity (SV, m d!) of marine snow aggregates
(n = 13) were measured individually in the laboratory using
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the same set-up as described below for M. norvegica behavior,
while sinking velocity for krill pellets were calculated from the
mean pellet size obtained in situ (0-170 m depth) and
the regression by Stukel et al. (2019).

Measuring of feeding rates and observations
of Microsetella behavior

Feeding rate of M. norvegica on aggregates was estimated
based on the functional response of pellet production of adults
or copepodids CV to increasing concentrations of aggregates,
using algal aggregates (marine snow) in 2017 and intact and
aggregated fecal pellets of krill in 2018. Aggregates for the incu-
bations were collected from the sediment traps. The aggregate
concentrations ranged from O to 16 aggregates per bottle, with
5-6 concentrations and 2-3 replicate experiments per aggregate
concentration and type. All M. norvegica individuals were star-
ved for a minimum of 12 h before the experiments, by incubat-
ing them in 0.5-liter airtight closed tissue flasks containing
0.2 ym filtered seawater, at the experimental temperature of
8°C. After starvation stage, 10-20 M. norvegica individuals were
placed into 70-mL tissue flasks containing filtered seawater and
target concentrations of aggregates. The incubation bottles
were closed airtight and placed in a plankton wheel, turning at
the speed of one round per minute. After approximately 24 h,
the contents of the bottles were carefully poured into Petri-
dishes, M. norvegica individuals and pellets were counted using
a Zeiss Discovery V12 stereoscope, and the Petri-dishes were
photographed using a Zeiss axiocam for later measurements of
pellet and aggregate sizes.

All marine snow aggregates that were incubated in the graz-
ing experiments were imaged prior to the incubations and their
area was determined using Image]. First their area (4, um?) was
converted to diameter (D, um). Thereafter, the diameter was
used to calculate the volume (V,,, um?®) of each aggregate,
assuming spherical shape. To determine the krill fecal pellets,
we used the measure of pellet length (L, um) and diameter (Dyp,
um) to determine their volumes (Vg um?), assuming cylindri-
cal shape. To convert the marine snow and krill fecal pellet vol-
ume to particulate organic carbon (POC.s mg) content, we
filtered several marine snow aggregates or fecal pellets of similar
volume onto individual combusted GF/F filters and measured
the total POC content. This was done for three different size-
classes: small (0.5-1 mm), medium (1-2 mm), and large aggre-
gates (2-3 mm). From this, we obtained size specific POC con-
tent of the aggregates and used the following regression to
calculate the POC content of each aggregate added to each
treatment of the grazing incubations:

POCys =0.1852 x V, 24799 (1)

For the krill fecal pellets, individual length and width were
measured and the volume was converted to POC using the
conversion factor (0.036 mg POC mm ) from Belcher et al.
(2016). To get the total added POC per treatment, we summed
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the POC content of all marine snow aggregates or all krill fecal
pellets that were added to each treatment.

The M. norvegica ingestion rate on aggregates was estimated
based on the pellet production. First, the average carbon con-
tent of M. norvegica pellets was estimated by measuring the
lengths and widths of approximately 60 pellets from incuba-
tions using Thalassiosira weissflogii as food. Their volume was
estimated by assuming an ellipsoidal shape, and the volume
was converted to carbon using the volume to carbon conver-
sions of Reigstad et al. (2005). This pellet carbon content of
0.012 + 0.013 ug C pellet™' was multiplied with the pellet
production in each incubation, and converted to ingestion
assuming 30% assimilation efficiency, as measured by Ploug
et al. (2008) for the copepod Temora longicornis feeding on
T. weissflogii. The estimated ingestion rates were plotted as a
function of aggregate concentration (all in carbon) and fitted
with a hyperbolic function (y = ax/b + x) to obtain the coeffi-
cients a and b. Search volume (), handling time (z), and maxi-
mum ingestion rate (iax) Were estimated based on the Holling
type II functional response (Holling 1966), according to

i=FCagg/ (1+PrCagg ), (2)

where i is the ingestion rate (in ug C ind.”* d™'), g is the sea-
rch volume (L ind.7'd™Y), 7 is the handling time (in days), and
Cagg is the aggregate concentration (in ug C L~ 1. The maxi-
mum ingestion rate (in.x) was assumed to be the inverse of
the handling time, and g and = were calculated based on the
coefficients so that gp=a/b and 7= 1/b. Weight-specific
ingestion rates were based on individual length- and carbon-
measurements of M. norvegica females as described in Barth-
Jensen et al. (2020). The mean size of M. norvegica females was
478 £ 22 ym and the mean carbon weight was 0.42 ug
Cind.”".

To investigate swimming behavior in presence and absence
of marine snow, female M. norvegica were placed in a plexiglass
aquarium (5 x 5 x 20 cm, width, depth, and height) in a
temperature-controlled lab at 8°C. The aquarium was filled
with GF/F filtered seawater and M. norvegica were observed in
the absence or in the presence of marine snow aggregates. Indi-
vidual copepods were followed between 1 and 5 min in each
treatment until a total of 30 min with copepods in focus was
obtained. For the swimming behavior in the presence of
marine snow, individual marine snow aggregates were allowed
to sink through the aquarium while the copepods were
observed (kept in focus with the camera). The camera system
consisted of a Basler acA1300-30gc camera (1 Mega-pixel with
its infrared filter removed) equipped with a Sigma 105-mm
macro lens (EX Sigma, 105 mm 1 : 2-8D, DG Marcro). The illu-
mination was done from the back with an infrared backlight
(MBJ DBL plate, 880 nm). In total, ~ 30 min of swimming
behavior was analyzed for each treatment by following 10 indi-
vidual copepods in filtered seawater and 12 copepods in the
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aggregate treatment. The feeding bout frequency was calculated
as numbers of leg flicks during the duration of each sinking
event. The swimming behavior was analyzed as total duration
spent sinking and swimming, and swimming and sinking
velocities. Total distances of sinking and swimming were calcu-
lated, and the number of feeding bouts were counted per sink-
ing event and calculated as frequency of feeding bouts during
sinking by dividing the number of feeding bouts with the dura-
tion of sinking for each event. The behavior of female
M. norvegica in filtered seawater and in water with particles
were tested for statistical differences using a student’s t-test.

Results

Marine snow, fecal pellets, and downward flux of
particulate organic matter

The 2-yr investigation differed in terms of dominating par-
ticle type and concentrations as well as depth distributions of
marine snow and fecal pellets (Table 1). In 2018, marine snow
concentrations were negligible. In contrast, high mean surface
concentrations of 4.92 + 4.48 marine snow aggregates L'
were observed in the upper 50 m in 2017. Below 50 m, the
marine snow abundance decreased abruptly to less than
0.1 L™'. The mean spherical diameter (ESD) of the marine
snow was higher in the surface (2.73 + 1.24 mm) than below
50m (1.77 £ 0.74 mm ESD) in 2017. Diatom chains and detri-
tus were visible components of the marine snow in 2017
(Fig. 1; Supplementary Fig. S1).

In 2018, the few marine snow particles observed were smaller
than in 2017, with ESD ranging from 1.37 & 0.74 in the surface
50m to 1.08 £ 0.51 below 100 m (Table 1). Fecal pellets were
abundant in 2018 with mean concentrations increasing from
0.69 £0.54L " at 0-50 m to 1.76 £ 0.53 L™ at 100-170 m. In
2017, the concentration of fecal pellets was considerably lower,
0.03 + 0.03 L' in the upper 50 m and 0.42 + 0.18 L' below
100 m (Table 1). The mean sinking velocity of krill fecal pellets
(mean ESD 1.05 + 0.54) was 447 + 189 m d~!, while the mean
sinking velocity of marine snow was 98.2+63.5m d'
(Supplementary Table S1). The sinking velocity of marine snow
(n = 13) ranged from 29 to 216 m d~! and was positively corre-
lated with size (R*> = 0.56) (data not shown). The weighted mean
depth distribution of marine snow in 2017 was at 25.8 + 2.9 m
(Supplementary Table S2) and there was no apparent diurnal
variation. In both years, fecal pellets were most abundant below
100 m, with the weighted mean depth of 124 + 20.5 m in 2017
and 104.5 + 13.0 m in 2018 (Supplementary Table S2).The fecal
pellets in 2018 had distinctly uneven vertical distribution that
seemed to follow a diel pattern; pellets were found in the surface
waters at night between 22:00 and 02:00 h, and deeper during
daytime (Supplementary Fig. S2), resulting in a wide depth range
of WMD values in 2018. According to the VPR images, it is likely
that a large fraction of the fecal pellets was produced by Euphau-
siids (Fig. 1d—f). The vertical distribution of fecal pellets likely
reflected the feeding and production of pellets by Euphausiids in
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Table 1. Size (mean ESD + SD, mm) and abundance (# L™') of marine snow and fecal pellets in 0-50, 50-100, and 100-170 m depth

intervals in 2017 and 2018. All values are calculated from the Video Plankton Recorder.

Year Depth 0-50 m 50-100 m 100-170 m
2017 Marine snow, size 2.73+1.24 1.77 £ 0.74 1.82 +0.84
(n=9381) (n=295) (n=148)
Marine snow, abundance 4,92 +4.48 0.08 + 0.05 0.1 +£0.06
Fecal pellet, size 1.69 + 0.81 1.26 £ 0.60 1.40 £ 0.65
(n=815) (n=790) (n=1477)
Fecal pellet, abundance 0.03 +£0.03 0.31 +£0.14 0.42+0.18
2018 Marine snow, size 1.37 £ 0.74 1.35+0.72 1.08 + 0.51
(n=404) (n=182) (n=738)
Marine snow, abundance 0.01 +£0.03 0.00 + 0.00 0.03 +£0.08
Fecal pellet, size 1.10 + 0.60 1.08 +£0.56 0.99 +0.48
(n=310) (n=475) (n=738)
Fecal pellet, abundance 0.69 + 0.54 1.29 £ 0.40 1.76 £ 0.53

Fig. 1. In situ images obtained with the video plankton recorder showing Microsetella norvegica (depicted with white arrows) and marine snow particles

in 2017 (a—c) and attached to fecal strings in 2018 (c-f).

the surface layer at night, with pellets sinking to deeper waters

during the early morning and the day (Supplementary Fig. S2).

The quality and quantity of the downward carbon flux
differed in the 2yr of observation (Fig. 2). In 2017, the

downward carbon flux at 20 m was 420 mg C m > d~! and
decreased with increasing depth. At 20 and 30 m, the export
flux of Chl a was 3.5 mgm > d ' and in terms of phytoplank-
ton composition the main contributors were diatoms (Fig. 2).
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Fig. 2. Vertical flux of particulate organic carbon (mg POC m~2d "), chlorophyll a (mg Chl am~2d~"), and phytoplankton cells (10% cells m~2d ") in
2017 (a) and 2018 (b). In 2018, the vertical flux of POC and Chl a is presented as mean + SD of 5 consecutive sediment trap deployments. Note differ-

ent scales on x-axes for phytoplankton cells.

In 2018, the downward flux at 20 m was 133 mg C m > d "/,
and thus much lower than in 2017.

The carbon flux was relatively constant with increasing
depth and phytoplankton cells did not make a large contribu-
tion to the carbon flux (Fig. 2). The fractional loss rate of POC
between 20 and 50 m depth was 0.57 in 2017 and 0.2 in
2018, which translated into a reduction of 238 and 26 mg C
m~2d!, respectively.

Physical and biological environment and copepod
community

The differences in downward carbon flux in 2017 and 2018
reflected different seasonal development of hydrographic con-
ditions and suspended biomass accumulation. Both sampling
years had a stratified water column in June. However, the
water was colder during the study period in 2018 than in
2017 (Fig. 3). The salinity at 0-50 m was lower in 2018

(32.8 £ 0.2) than in 2017 (33.1 +0.2) but at > 50 m it was
somewhat higher in 2018 (33.5+0.1) than in 2017
(33.3 £ 0.0). Concentrations of Chl a, phytoplankton cells
(phototrophic protists), and POC in the water column were
highest in the upper 20 m, but there were also some differ-
ences between the 2 yr (Supplementary Fig. S3). In 2017, the
integrated concentrations (0-50 m) of total Chl a and POC
were 104 and 13,000 mg m?, respectively. In contrast, con-
centrations in 2018 were only 29 mg Chl a m 2 and 6600 mg
POC m 2 (data not shown). Diatoms dominated the phyto-
plankton community in 2017, mostly represented by the gen-
era Thalassiosira and Chaetoceros whereas small, flagellated
cells dominated the phytoplankton community in 2018
(Supplementary Fig. S3).

The population size of M. norvegica was generally large,
with an exceptionally high abundance of almost 50 ind. L™*
in the surface layer in 2017 (Fig. 3). No apparent shift in
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Fig. 3. Sigma-t, salinity, temperature (°C), and fluorescence in 2017 (a, left panel) and 2018 (b, left panel). Temperature (red lines) and salinity (black
lines) are presented as mean values for 12 CTD profiles from each year. The middle panels show vertical distribution (ind. L™") of Microsetella norvegica
obtained with the VPR and Go-Flo bottles. The black dotted line displays the temperature mean + SD from 0 to 50 m (value above dotted line) and from
50 to 180 m (below dotted line) in 2017 (a) and 2018 (b). The right panels show relative composition of the copepod community in 2017 (a) and 2018
(b), as obtained with the WP-2 net sampling. CTD, conductivity, temperature, and depth; VPR, Video Plankton Recorder.

vertical distributions were detected over the 24-h cycle finmarchicus and Pseudocalanus spp., were most abundant
(Supplementary Fig. S4). The total integrated population bio-  below 50 m. Abundances of M. norvegica obtained with the
mass above the sediment traps (0-120 m) in 2017 and 2018 Go-Flo bottle and the VPR both showed maximum abundance
was 722 and 393 mg C m 2, respectively (Table 2). Integrated of 20-40 ind. L' at 10-20 m depth (Fig. 3; Supplementary
over the entire water column, M. norvegica was by far the most Fig. S4). However, copepod abundances obtained with the
abundant copepod species, followed by Oithona similis (Fig. 3). 64-ym meshed WP-2 net were generally 2-5 times lower com-
In the upper 50 m, M. norvegica contributed on average 63% pared to the Go-Flo and VPR (data not shown). We suggest
of the total copepod abundance in 2017, and 81% in 2018 that the WP-2 net under-estimated the abundance of
(Fig. 3). Calanoid copepods, mostly represented by Calanus M. norvegica, possibly due to clogging of the net by organic
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Table 2. Integrated abundance (ind. m~2), biomass (mg C m~2) and potential carbon consumption (mg C m~2 d~") on marine snow in
2017 and intact krill pellets (FP;,) and aggregates of pellets (FP,q4) for the Microsetella norvegica population in the surface (0-50 m) and the
deep (50-120 m) water layer. The M. norvegica abundance and biomass are calculated as the mean from two vertical GoFlo profiles for each
year. The carbon consumption rates are obtained from integrated abundances and individual ingestion rates from the incubations.

Year  Depthinterval (m)  Abundance (ind. m ?) Biomass (mg C m?) Potential carbon consumption (mgC m 2d ")
2017 0-50 1,177,949 644 235

50-120 207,900 78 42
2018 0-50 629,000 350 69 (FPino), 214 (FP,gq)

50-120 147,800 43 16 (FPiny), 50 (FPagg)

particles in the water column. The data obtained with the
WP-2 net are therefore only used for comparing the relative
contribution of M. norvegica to the copepod community
(Fig. 3). It should be noted that the abundance of krill could
not be quantified with the methods applied in this study, and
therefore their grazing and fecal pellet production rate are not
addressed.

Interaction between Microsetella and particles

In 2018, M. norvegica were observed attached to krill pellets
(Fig. 1d-f), and this phenomenon was registered at a weighted
mean depth of 82.4 + 34.4 m (Supplementary Table S2). In
2017, M. norvegica were most abundant at 20-30 m, in the
same depth-range as marine snow (Supplementary Table S2),
but no attachments were directly observed (Fig. 1a—c). In the
laboratory experiments, M. norvegica was actively feeding both
on algal aggregates and on krill fecal pellets, indicated by fecal
pellet production rates that increased from < 1 pellet ind. '
d™! in the incubations with the lowest aggregate concentra-
tions to up to 6 pellets ind.”* d™' in the incubations at satu-
rating concentrations (Fig. 4). However, a shorter handling
time and a higher maximum ingestion rate on algal aggregates
and aggregated fecal pellets than on intact fecal pellets
(Supplementary Table S3) suggest that it was easier for
M. norvegica to obtain food from algal aggregates than from
intact krill pellets.

The calculated feeding rates ranged approximately seven-
fold, depending on the aggregate concentration and type
(Supplementary Table S3). Ingestion rates of M. norvegica was
0.20 ug C ind.”* d"' on algal aggregates, 0.11 ug C ind.”' d*
on intact krill pellets and 0.34 ug C ind.”' d! on aggregated
fecal pellets. With a measured female carbon weight of 0.42 ug
ind.”! (Barth-Jensen et al. 2020), the ingestion rates corre-
spond to 48% body carbon d~' and 26-80% body carbon d '
for algal aggregates and krill fecal pellets, respectively.

The swimming velocity of M. norvegica in filtered seawater
and with marine snow was 1.1 and 1.3 mm s, respectively
(Supplementary Table S3; Supplementary Video S1). When
M. norvegica were incubated in filtered seawater without the
addition of aggregates, the copepod had active upward swim-
ming periods of 45 + 33s, followed by a period of passive
sinking for 65 +43s. When incubated in filtered seawater
with added marine snow aggregates, the time spent swimming

(a) Algae aggregates
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Fig. 4. Microsetella norvegica pellet production (pellets ind.”" d~") as a
function of aggregate concentration (ug C L™") on (a) algae aggregates
(2017) and (b) single or aggregated (decaying) krill fecal pellets (2018;
mean =+ SE). Different symbols indicate different experiments. The lines
indicate the Holling Il type functional response (hyperbola); R? of each
equation is given in the figure.

was 79 £ 80s followed by a period of passive sinking of
64 £ 25 s. Thus, the swimming period appeared longer when
food particles were present in the surrounding water, but this
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was not statistically significant (Student’s t-test: p = 0.231).
While M. norvegica only swam upward when incubated in fil-
tered seawater without marine snow, they swam horizontally
when encountering marine snow or marine snow fragments
(Supplementary Video S2). The main difference in swimming
behavior between the incubations with and without marine
snow was observed for the feeding bout frequency during
sinking events (Supplementary Table S3), which was signifi-
cantly higher in the presence of marine snow compared to
when the copepods were only incubated in filtered seawater
(Student’s t-test: p = 0.0152).

Discussion

Carbon export flux

The downward flux of carbon was higher in 2017 than in
2018, reflecting different phytoplankton communities. How-
ever, the grazer community in 2017 and 2018 was not differ-
ent in terms of abundances and species composition. The
most abundant copepod in the surface was M. norvegica, while
other important grazers such as C. finmarchicus were found
mostly below 50 m depth. Despite the comparable copepod
communities in 2017 and 2018, a strong reduction of carbon
flux with depth was only apparent in 2017. We suggest that
this was mainly due to differences in the phytoplankton com-
munity and suspended biomass in the 2 years, combined with
feeding preferences and potential impact of the most abun-
dant copepod species, M. norvegica.

Microsetella feeding, swimming behavior, and impact on
sinking flux
Feeding

Our results demonstrated that M. norvegica can feed both
on algal aggregates and fecal pellets, although the feeding
rates on algal aggregates and aggregated (likely decaying) fecal
pellets were twice as high as the feeding rates on intact fecal
pellets. These rates were within the range of previous measure-
ments (Koski and Lombard 2022) and confirmed that the
aggregate quality influences the feeding rates. The aggregate
quality can both influence the encounter rate (the slope of the
functional response) and the handling time (the saturation)
where the encounter rate describes the efficiency by which
M. norvegica can find the aggregates and the handling time
describes the efficiency by which M. norvegica can extract
nutrition from the encountered aggregate. The encounter rate
is in general influenced by the aggregate size, the chemical
trail that it might leave in its wake and its sinking rate in rela-
tion to the swimming velocity of the copepod (Lombard
et al. 2013), whereas the handling time could be a result of
the nutritional quality of the aggregate, for example, through
a higher assimilation efficiency of algal aggregates. In the cur-
rent experiments, M. norvegica encounter rate was several-folds
higher on fecal pellets than on algal aggregates despite the
smaller size of the pellets, suggesting that factors other than
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size were important. For instance, it is conceivable that algal
aggregates and aggregated fecal pellets leak more chemical
substances (e.g., amino acids) than fresh pellets with intact
membranes, although in our experiments this could only
explain the difference between the two pellet types. However,
size of the aggregate might become more important when
aggregate concentrations are lower. For instance, the pellet
production rate of a semi-benthic harpacticoid Amonardia
normanni was related to the aggregate size in incubations with
only one aggregate, whereas the size was not important in
incubations with multiple aggregates (Koski and Lom-
bard 2022), similar to the setup of the present study.

The handling time of intact pellets was long and the maxi-
mum ingestion rate thus lower than that of algal aggregates or
aggregated pellets. This could either reflect the effect of a
membrane that could both reduce the attachment and the
ability of M. norvegica to extract nutrition from the aggregate
or a lower nutritional quality of a pellet. Although we do not
know the nutritional quality of pellets vs. algal aggregates, the
lower nutritional quality of fecal pellets is supported by obser-
vations on bacterial growth, which was considerably higher
on aggregates consisting of algae than on fecal pellets (Simon
et al. 1990), and by the typically high C : N ratios of fecal pel-
lets (Tamelander et al. 2012). Due to low nutritional quality, it
seems likely that fecal pellets will be consumed at a lower rate
than algal aggregates, at rates that are close to the ingestion
rates on newly produced appendicularian houses (Koski and
Lombard 2022).

The estimated maximum ingestion rates of M. norvegica on
algal aggregates and aggregated fecal pellets, up to 80% body car-
bon d~!, were within the ranges observed for copepods feeding
on diatoms and microzooplankton. For instance, Dutz et al.
(2008) demonstrated weight-specific ingestion rates of
T. longicornis of >100% body weight d~' on diverse diatom
diets. The only existing previous estimate of the in situ feeding
rate of M. norvegica suggested 0.43 ug C ind.”* d™! based on gut
chlorophyll or 0.24 ug C ind.”! d~! based on respiration rate,
corresponding to ca. 50-100% body weight d~' (Koski
et al. 2020). The feeding rates obtained in the present study thus
appeared realistic and comparable to previous observations.

Swimming behavior

Microsetella norvegica were more active in the presence of
marine snow than in filtered seawater, swimming in a way
that is typical for copepods that use chemical trails to detect
settling aggregates (Kigrboe 2001; Lombard et al. 2013). Micro-
setella norvegica presented short feeding bursts while sinking,
suggesting that it “tasted” the water while sinking. These
observations propose that M. norvegica can actively change
their swimming behavior from a vertical to a horizontal search
pattern with frequent tasting or testing of the water to detect
food particles. When a marine snow particle is encountered by
a particle-feeding copepod, the predicted behavior is to fill the
gut and leave the aggregate within minutes (Kigrboe 2000).
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However, the measured handling times were long, suggesting
that the copepods remained in the aggregates that they had
once encountered, similar to previous observations (Koski
et al. 2007). It is unknown why we did not observe
M. norvegica on algal aggregates in 2017, although M. norvegica
in 2018 was observed attached to krill pellets. Most of the pel-
lets with M. norvegica attached were found at ca 80 m depth,
while the weighted mean depth of pellets without M. norvegica
was at 104 m. This may indicate that some copepods attach to
pellets in the shallow water column, possibly to feed, whereby
they are carried to the deeper part of the fjord with rapidly
sinking fecal pellets. Possibly, the long handling time of pel-
lets could explain why M. norvegica was still attached to pellets
at depth, although the mechanisms behind copepod-
aggregate interactions are not fully understood.

Effect on vertical flux

Coherent with the observed active search behavior of
M. norvegica, the in situ abundance and size of marine snow
particles decreased abruptly below 50 m depth in 2017. Dur-
ing the investigated period, the estimated total carbon con-
sumption of the M. norvegica population in the upper 50 m
depth (235 mg C m 2 d ') compared well with the measured
decrease in carbon flux between 20 and 50 m (238 mg C m >
d™1). According to these calculations, M. norvegica could be
responsible for the entire attenuation of the downward carbon
flux in 2017. In contrast, the in situ abundance of fecal pellets
increased with increasing depth in 2018. This suggests that
either the pellets were not grazed upon by M. norvegica, or
that pellets accumulated with depth or were produced deeper
than 50 m. The Krill population in Balsfjord is dominated by
the largely herbivorous species Thysanoessa raschii and
Thysanoessa inermis that are known to perform diel vertical
migration during summer (Falk-Petersen and Hopkins 1981).
The sinking rate of krill fecal pellets in this study was esti-
mated to 447 + 189 m d~!, implying a residence time of less
than 3 h in the upper 50 m where most of the M. norvegica
population was located. In comparison, the mean sinking
velocity of marine snow was 98 + 63 m d ™', suggesting a resi-
dence time in the upper 50 m of 12.5h or longer for the
smaller marine snow particles. We suggest that the krill pellets
were sinking too fast to allow M. norvegica grazing on such a
scale that would have an impact on the vertical flux attenua-
tion in 2018. While the ingestion rates on decaying aggregates
of pellets were about three times higher than on intact pellets,
it is difficult to transfer these rates to in situ conditions since
this type of aggregates were not identified with the VPR and
abundances in the water column could not be quantified.

It should be emphasized that the estimated impact of
M. norvegica on downward carbon flux attenuation is associ-
ated with uncertainties. First, the estimations of carbon con-
sumption depend on reliable measurements of individual
ingestion rates on various food items that are also relevant for
in situ conditions. In this study, ingestion rates were obtained
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by bottle incubations but the food particles were collected
from sediment traps, which links the laboratory measure-
ments to the field. The method of inferring ingestion rates
from functional responses has also previously been success-
fully applied for the species (e.g., Koski et al. 2020). Second,
the estimates of carbon consumption rely on accurate abun-
dances and biomass of M. norvegica, which were obtained
independently from water bottles, a plankton net with small
mesh-size and VPR. This approach ensures robust data on
M. norvegica abundances in the water column. Methods for
measurements of downward carbon fluxes are also a matter of
debate, and different types of sediment traps have their own
advantages and disadvantages (Baker et al. 2020). The choice
of non-drifting short-term sediment traps as used in the pre-
sent study was based on the advantage of sampling multiple
depths simultaneously, a recommended aspect ratio >S5
(Buesseler et al. 2007) and the geographical location of the
study (a fjord system). Despite unavoidable uncertainties, we
think that the impact of M. norvegica on downward carbon
flux attenuation may be significant in specific conditions
when the abundance of M. norvegica is high, and when slow-
sinking marine snow is formed in the surface. However, the
impact appears to be insignificant when the downward flux is
dominated by large, fast-sinking, and intact fecal pellets and
when the abundance of M. norvegica is low. In other words, in
areas where M. norvegica is abundant, small and slow-sinking
particles are more likely to be degraded in the upper water col-
umn while large, fast-sinking particles such as intact krill fecal
pellets are most likely to avoid being grazed.

Small copepods and carbon attenuation

For a long time, M. norvegica and other small copepods
have been overlooked since they are not sampled by the
mesh-sizes of traditionally used plankton nets (Turner 2004;
Svensen et al. 2011, 2018). The ecological role of small cope-
pods has thus largely been ignored, although they are more
recently suggested to have an important impact on flux atten-
uation (Kigrboe 2000; Koski et al. 2005, 2020). To date, their
role for flux attenuation has only once been included in eco-
system modeling, and it was suggested that small copepods
primarily attenuated the carbon flux via fragmentation of set-
tling aggregates (Mayor et al. 2020). However, as Mayor et al.
(2020) state, their model representation of the small copepods
is speculative due to limited understanding of the physiology
and ecology of these organisms. Their assumptions of small
copepods having an ambush feeding mode, and thus low feed-
ing rates and a feeding strategy of long motionless periods
interrupted by jumps to intercept settling aggregates in their
vicinity, seems to fit for small cyclopoid copepods such as
Oithona spp. and Triconia spp. (Svensen and Kigrboe 2000;
Iversen and Poulsen 2007; Koski and Lombard 2022). How-
ever, based on our observations and those of Koski et al.
(2020), we argue that the harpacticoid copepod M. norvegica
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has a more active lifestyle and higher feeding rates than the
typical ambush feeding copepod.

Microsetella norvegica is typically found at shallow depths,
which may be due to the active lifestyle and the general
upward swimming patterns in searching for food. Small-sized
aggregates are typically observed at shallower depths immedi-
ately below the Chl a maximum (Iversen et al. 2010), where
they can readily be consumed by M. norvegica. The lower feed-
ing rates on fast-settling aggregates the high pigment content
in the guts of M. norvegica (Koski et al. 2020) suggest that
M. norvegica primarily feed on freshly formed slow-settling
phytoplankton aggregates. Typical abundances of M. norvegica
are between 10* and 10° individuals m~3 (Dugas and
Koslow 1984; Uye et al. 2002; Arendt et al. 2013; Svensen
et al. 2018). Using our feeding rates, this is equivalent to a
total aggregate ingestion of up to 1-34 mg C m > d ! during
periods with high aggregate concentrations. In deep-water
oceans, less than 3% of the net primary production reaches
the ocean floor (Iversen 2023). The typical downward carbon
flux in the North Atlantic open ocean is decreasing by 40-
50 mg C m 2 d~! between 50 and 100 m (Iversen et al. 2010;
Marsay et al. 2015) and zooplankton have been recognized as
gatekeepers for the particulate carbon export below the eupho-
tic zone (Jackson and Checkley 2011). Downward carbon flux
attenuation appears strongly affected by the feeding behavior
and ingestion rates of the zooplankton community combined
with the type and sinking velocity of the particle, suggesting
that small copepods are efficient gatekeepers, responsible for a
substantially carbon turn over in the upper water column. It
appears that even thin layers of particle-colonizing copepods
may contribute substantially to the overall flux attenuation.

Even though different species of small copepods may have
similar dietary preferences, they may diverge in other aspects.
For example, the vertical distribution and population dynam-
ics of M. norvegica and Triconia spp. are different. For instance,
whereas the genus Microsetella currently consists of two
documented species with evidence of local adaptation to, for
example, temperature (Barth-Jensen et al. 2020), oncaeids
include > 100 species that occupy both different geographic
areas and different water depths (Bottger-Schnack and
Schnack 2013). Furthermore, as M. norvegica is common at
salinities down to 25 ppm (Koski et al. 2021), it appears some-
what more tolerant to lower salinity than Triconia spp., and
therefore also dominates fjord ecosystems and coastal areas
(Arendt et al. 2013). Both M. norvegica and Triconia spp. rely
on marine snow as a food source and tend to have similar
feeding rates at 0.1-0.4 yg C ind.”! d™' (Koski et al. 2020),
thus climate change with altered seasonal temperature, salin-
ity, and stratification cycles, may have different effects on
these two species. Nevertheless, these two copepod genera are
numerically dominating in many different types of ecosystems
(Nishibe and Ikeda 2007; Svensen et al. 2018) and their func-
tional similarities suggests that the aggregate degradation rates
estimated for M. norvegica can also be representative for
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copepods within the Oncaeidae family. This indicates that
small harpacticoids and oncaeids may have a larger impact on
the downward flux regulation than calanoids. Due to high sur-
face abundance in coastal ecosystems, active behavior toward
finding, and feeding on aggregates such as marine snow, we
suggest that M. norvegica may be considered one of the most
efficient gatekeepers for carbon fluxes in the surface oceans.

Data availability statement

Hydrographical data are available at https://dataverse.no/
dataverse/nmdc. The following datasets are available through
the links provided in parenthesis: phytoplankton community
composition (https://doi.org/10.15468/s67dzx); abundance of
Microsetella norvegica (https://doi.org/10.15468/kytcry); zooplank-
ton community composition (https://doi.org/10.15468/ss52m?7);
downward flux of Chl g, POC, PON, and C: N ratios (https://
doi.org/10.11582/2023.00063); suspended concentrations of Chl
a, POC, PON (https://doi.org/10.11582/2023.00064); and the
VPR data (https://doi.org/10.11582/2023.00062).
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