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Seasonal patterns in mesozooplankton composition, vertical distribution, and

timing of reproduction are challenging to study in the open sea due to ocean

currents and mix of populations of different origins. Sill fjords, on the other

hand, with restricted water exchange, are ideal locations for studying taxa- and

community-specific adaptations to the prevailing environment. Here, we

present re-occurring patterns in the mesozooplankton community structure

in Billefjorden, Svalbard, a high Arctic sill fjord with extensive seasonal ice cover,

based on monthly sampling from 2011 to 2013. The zooplankton community

composition confirmed the Arctic character of this fjord. Predominantly

herbivorous taxa, such as Calanus glacialis and Pseudocalanus spp., showed

strong seasonal variation in abundance and depth distribution, with population

minima in spring being compensated by a rapid population recovery during

summer. Omnivorous taxa, such as Microcalanus spp. and copepods of the

family Aetideidae, largely remained at depth throughout the year and had an

extended or year-round reproductive period. Deep-dwelling omnivorous/

carnivorous species peaked in abundance in winter–spring when

herbivorous populations were severely depleted. Taxa with seasonally limited

occurrences, i.e., meroplankton, peaked in spring and summer at the surface,

but were largely absent for the rest of the year. The different life histories, with

contrasting feedingmodes, depth preferences, and timing of reproduction lead

to reduced interspecies competition and allow for a rather high and stable

abundance of mesozooplankton year-round despite the short primary

production window at high latitudes.

KEYWORDS

Svalbard, seasonal migration, reproduction, Calanus glacialis, Pseudocalanus,
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1 Introduction

The Arctic is characterized by extreme seasonality in

incoming solar radiation with up to 4 months of continuous

darkness and 4 months of continuous daylight (Cohen et al.,

2020). For the marine life, the continuous darkness may extend

far into the period of midnight sun, since sea ice with snow on

top efficiently stops light to penetrate to the water column below

(Leu et al., 2011). Light is the main limiting factor for primary

production in winter and early spring. Depending on sea ice

conditions, the spring phytoplankton bloommay start as early as

April in open water or as late as August in regions with extensive

sea ice at 75° latitude and above (Leu et al., 2015). Marine

zooplanktons have to adapt to this pronounced seasonality in

light and primary production. The onset of the spring bloom is a

key biological event in Arctic marine ecosystems, and species life

histories are directly or indirectly tuned to the timing of this

event depending on their trophic mode (Hagen and Auel, 2001).

Herbivorous zooplanktons have adapted to the short window of

primary production by efficiently building up large lipid stores

when algae food is plentiful. At the end of the productive season,

they descend to greater depths, where they survive the long and

food-poor winter by lowering their metabolism and benefiting

from reduced predation risk. Omnivorous–predatory

zooplankton, on the other hand, have limited lipid deposits

and depend on feeding actively year-round (Hagen and Auel,

2001). The timing of reproduction differs among taxa with

different trophic modes. Herbivorous zooplankton often have

one major reproductive period per year, while omnivorous–

predatory species are more flexible (Berge et al., 2020). Large

body size is common in some Arctic zooplankton species,

allowing for large lipid storages, which again make it possible

for herbivorous zooplankton to reproduce prior to the spring

bloom on internal resources alone (i.e., capital breeding; Varpe

et al., 2007). A food-independent early reproduction is an

adaptation to regions with consolidated sea ice and large inter-

annual variability in the timing of the spring bloom (Sainmont

et al., 2014; Ejsmond et al., 2018). In Arctic shelf seas and fjords,

sea ice commonly disappears in summer, and the onset of the

spring bloom varies rarely by more than 1 month (Leu et al.,

2015). These regions are on average twice as productive as the

deep Arctic Ocean (Sakshaug, 2004) and can sustain a more

abundant zooplankton community with less Arctic specialized

taxa (e.g., Gluchowska et al., 2016).

There is still a scarcity of seasonal zooplankton studies from

the Arctic. Available data series are patchy on temporal and

spatial scales and often not consistent in relation to methods

used. Most zooplankton studies from the Arctic have been

conducted during summer when the region is easily accessible,

with other seasons being understudied, and restricted to

epipelagic waters focusing on abundant herbivorous calanoids,

hence omitting deeper waters inhabitants (Richter, 1994).
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Moreover, they have often concentrated on only one or few

dominant species (Lischka and Hagen, 2005; Søreide et al., 2010;

Ershova et al., 2021b) and rarely on the whole zooplankton

community (Weydmann et al., 2013; Darnis and Fortier, 2014;

Bandara et al., 2016).

In Svalbard, life histories of dominant copepod species and the

pteropod Limacina helicina have been the subject of detailed year-

round investigations in Kongsfjorden (Lischka and Hagen, 2005;

Lischka and Hagen, 2016), Isfjorden (Arnkværn et al., 2005;

Balazy et al., 2021; Boissonnot et al., 2021; Ershova et al., 2021b;

Hatlebakk et al., 2022), and Rijpfjorden (Søreide et al., 2010).

Seasonal research on the whole mesozooplankton community has

been conducted in Kongsfjorden (Hop et al., 2002; Kwasniewski

et al., 2003; Hop et al., 2006; Walkusz et al., 2009; Hop et al., 2019)

and Rijpfjorden (Weydmann et al., 2013), but these studies are

based on data collected with rather coarse resolution in time.

Annual studies of meroplankton are available from Adventfjorden

(Isfjorden system) (Kuklinski et al., 2013; Stübner et al., 2016), and

the seasonal variability in the macrozooplankton community has

been studied in Billefjorden (Bandara et al., 2016). Inmost of these

studies, data from the polar night period are either lacking or

restricted to very few data points, thus providing an important but

temporarily limited description of the seasonal changes in the

community structure.

In the face of ongoing global warming (Wassmann, 2011),

there is an urgent need to describe the status quo ante climate

change to enable us to recognize its impacts on ecosystems

structure and functioning beyond the natural, seasonal

variability. The increased influence of warm Atlantic water

along West Spitsbergen is slowly but visibly imprinting on the

biota in Svalbard fjords (Gluchowska et al., 2016), surrounding

seas (Ingvaldsen et al., 2021), and the Arctic Ocean (Ershova

et al., 2021a). In fjords of Svalbard, perturbations in the ice cover

extent and thickness are notable together with an increase in the

oceans heat content (Muckenhuber et al., 2016). The

consequences anticipated with loss in sea ice include a decline

in Arctic species (Wassmann, 2011), an earlier occurrence of

phytoplankton blooms (Kahru et al., 2011; Ingvaldsen et al.,

2021), a shift in protists dominance towards smaller

picoplankton fraction (Hegseth et al., 2019), and a possible

mismatch between timing of primary and secondary

productions (e.g., Søreide et al., 2010). These alterations at the

base of the food web may have cascading effects on higher

trophic levels such as fish, marine mammals, and seabirds (e.g.,

Falk-Petersen et al., 2007; Vihtakari et al., 2018).

A good understanding of how zooplankton communities

vary seasonally and interannually is essential to assess the impact

of anthropogenic and climate change. However, it is not a trivial

task to establish a baseline or reference for what is natural.

Zooplankton population dynamics are notoriously difficult to

follow due to their very nature of being passive drifters. Repeated

sampling at one location does not guarantee that the same
frontiersin.org
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community is explored over time, and changes in population

structure and species composition over time may be biased by

the inflow or exchange of populations between sampling events.

In this study, we targeted a high Arctic fjord with very

limited water exchange to overcome the many pitfalls that

advection may introduce. The rather deep (196 m) and

seasonally ice-covered inner basin of Billefjorden is largely

isolated from the outer fjord system (Nilsen et al., 2008;

Skogseth et al., 2020). We therefore assume that chronological

changes in the community composition and abundance reflect

internal processes (reproduction, growth, and survival in the

local populations) rather than the in- and outflow of populations

due to advection (e.g., Arnkværn et al., 2005). Billefjorden,

therefore, functions as a valid non-advective model system for

Arctic shelf seas to identify repeatable seasonal patterns in Arctic

mesozooplankton communities that would not be clearly

observable in open shelf seas. Here, we analyzed data on the

mesozooplankton community structure collected at 21 sampling

events (in total 88 samples) from 2011 to 2013 to identify

consistent seasonal patterns in (1) mesozooplankton

community composition, (2) vertical distribution and (3)

timing of reproduction of key zooplankton taxa in this high-

Arctic fjord environment. Our study provides a baseline that will

be important to differentiate climate change and natural seasonal

patterns in development of mesozooplankton communities in

Arctic fjords and shelf seas.
2 Materials and methods

2.1 Study area

The study was conducted in Billefjorden (78°40′N, 16°40′E:
Figure 1), a glacial fjord located in the distant inner part of
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Isfjorden, the largest fjord system on the western coast of

Svalbard. Isfjorden regularly experiences intrusions of warm

and saline Atlantic Water (AW) from the West Spitsbergen

Current and of Arctic Water (ArW) originating from the Barents

Sea with the East Spitsbergen Current and the Coastal Current

(Skogseth et al., 2020). Hydrographical conditions vary

depending on intensity of advection, water mass mixing, and

exchange, and can alternate from typically Arctic to Atlantic

conditions, with a dominance of Atlantic conditions due to

increased advection of AW over the past decade (Skogseth et al.,

2020). Billefjorden is about 30 km long and 5–8 km wide and is

divided into an outer and an inner basin by two sills (the outer of

70 m and the inner of 50 m depth), which restrict exchange of

fjord waters with Isfjorden outside (Nilsen et al., 2008). There is

evidence that Billefjorden remains free of AW signatures even

under extreme influxes of AW in Isfjorden (Cottier et al., 2005;

Nilsen et al., 2008). The average depth of the inner basin is

160 m, with a maximum of 196 m. Our sampling site was located

in Adolfbukta, the innermost basin, at 192 m depth (station

BAB, 78°39.7 N, 16°43.9 E; Figure 1), which is dominated by

locally formed winter cooled water (WCW) with temperatures

<−0.5°C below 50 m year-round. While the inner basin is largely

unaffected by influxes from outside (Arnkværn et al., 2005), it

receives a discharge of fresh water and sediments from the

adjacent glacier (Nordenskjöldbreen) during summer melting.

An ice cover usually forms between December and February and

lasts until June (https://cryo.met.no).
2.2 Data collection

Depending on sea-ice conditions, the sampling site was

accessed either by sea using a research vessel (RV Helmer

Hanssen, RV Lance) or small boats, or in winter–spring on the
BA

FIGURE 1

Study area. (A) Map of Svalbard. (B) Location of sampling site BAB (asterisk) in Billefjorden, Svalbard.
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ice using snowmobiles with nets towed through a hole in the ice.

Samples were collected regularly between May 2011 and

September 2013 (21 times), generally in monthly intervals,

with a break between September and November 2011 and

from January to the beginning of June 2012 (Table 1).

Sampling was generally conducted between noon and late

afternoon. In February 2013, sampling was conducted in the

outer basin (BAB*, 78° 34.3N 16° 27.4E; bottom depth, 154 m)

due to challenging sea ice conditions.

Vertical profiles of temperature, salinity, and fluorescence

were obtained at each sampling date using a handheld CTD

(SAIV model 204, Bergen, Norway) or a ship-board

conductivity, temperature, and depth profiler (Sea-Bird

Electronics, Bellevue, WA, USA) with a SeaPoint fluorometer

attached. From October 2010 to September 2013, an

instrumented mooring was deployed close to the sampling site.

SeaBird Electronics MicroCats, recording temperature,

conductivity, and pressure, were located at 16, 28, and 183 m.

The moorings also included a SeaPoint fluorometer at 28 m.

Vemco temperature miniloggers were fixed at intervals of 10–30

m at depths between 14 and 150 m. The mooring was serviced in

August 2011 and September 2012. For that purpose, the mooring

was recovered in its entirety, data were downloaded, instruments

and batteries were replaced, and the mooring was redeployed

within 2–3 weeks after the recovery.
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Zooplankton was collected in vertical hauls using either a

Multiple Plankton Sampler (MPS; Hydro-Bios, Kiel) from larger

vessels (7 dates) or a closing WP2 net (Hydro-Bios, Kiel) when

sampling from small boats and through the ice (14 dates)

(Table 1). The two nets’ dimensions are comparable with an

opening area of 0.25 m2 and a mesh size of 200 µm (except for 26

August 2011 when 180-µmmesh size was used). Tows were taken

in a stratified manner from four standardized depth layers: 180–

100 m, 100–50 m, 50–20 m, and 20–0 m. Three times the deepest

layer was divided further: 180–150 and 150–100 m (Table 1), but

these data were pooled before data analyses in this study, except

for the calculation of weightedmean depth (WMD). Zooplankton

samples were immediately preserved with 4% borax-buffered

formaldehyde–seawater solution after collection.
2.3 Zooplankton identification and
analysis

Prior to quantitative analysis larger (>5 mm) organisms

were picked out and identified separately. Samples were

diluted into 100–400-ml volume depending on the density,

and 2-ml subsamples were taken using a pipette with

enlarged (4 mm) opening. All organisms were enumerated

and identified from three to five subsamples. Additional
TABLE 1 Overview of sampling dates and nets used in Billefjorden at station BAB (78°40′N, 16°40′E; 192 m deep) from May 2011 to September
2013.

Station Date Net and mesh size Sample depths (m) Sampling platform

BAB 17.05.2011 WP2 200 mm 0-20-50-100-180 Sea ice

BAB 15.06.2011 WP2 200 mm 0-20-50-100-180 Small boat

BAB 13.07.2011 WP2 200 mm 0-20-50-100-180 Small boat

BAB 26.08.2011 MPS 180 mm 0-20-50-100-173 Research vessel

BAB 12.12.2011 WP2 200 mm 0-20-50-100-180 Research vessel

BAB 05.06.2012 WP2 200 mm 0-20-50-100-180 Small boat

BAB 23.07.2012 WP2 200 mm 0-20-50-100-180 Small boat

BAB 28.08.2012 WP2 200 mm 0-20-50-100-180 Small boat

BAB 07.09.2012 MPS 200 mm 0-20-50-100-150-182 Research vessel

BAB 05.10.2012 MPS 200 mm 0-20-50-100-150-180 Research vessel

BAB 07.11.2012 WP2 200 mm 0-20-50-100-180 Small boat

BAB 04.12.2012 MPS 200 mm 0-20-50-100-150-180 Research vessel

BAB 10.01.2013 MPS 200 mm 0-20-50-100-150-180 Research vessel

BAB* 04.02.2013 WP2 200 mm 0-20-50-100-140 Research vessel

BAB 13.03.2013 WP2 200 mm 0-20-50-100-180 Sea ice

BAB 07.04.2013 WP2 200 mm 0-20-50-100-180 Sea ice

BAB 25.04.2013 WP2 200 mm 0-20-50-100-180 Sea ice

BAB 07.05.2013 WP2 200 mm 0-20-50-100-180 Sea ice

BAB 17.06.2013 WP2 200 mm 0-20-50-100-180 Small boat

BAB 23.07.2013 WP2 200 mm 0-20-50-100-180 Small boat

BAB 07.09.2013 WP2 200 mm 0-25-50-100-170 Small boat
In February 2013, sea ice prevented the ship to reach the inner BAB station, and we sampled at the ice edge close by (BAB*; 78°39.7 N, 16°43.9 E; 154 m deep).
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subsamples were analyzed (usually 1/10 of sample volume) to

enumerate less abundant species and stages, and the entire

sample was scanned to detect rare species and remaining

macrozooplankton. All organisms were identified to the lowest

possible taxonomic level. To distinguish between Calanus

finmarchicus, Calanus glacialis, and younger stages of Calanus

hyperboreus, we measured prosome length of all counted

individuals and followed size classes obtained during previous

studies from Billefjorden (Arnkværn et al., 2005; Gabrielsen et

al., 2012). Only females of Pseudocalanus spp. were identified to

species level (P. minutus and P. acuspes), but females of P.

moultonimay also have been present (Ershova et al., 2021b), and

erroneous been identified to P. acuspes. Copepods of the genus

Microcalanus were attributed to Microcalanus pygmaeus, but

Microcalanus pusillus could have occurred in low numbers as

well. Copepods were divided into small and large copepods (total

length as adults <2 mm or >2 mm, respectively). Species

abundances were calculated from vertical net hauls, assuming

100% filtration efficiency, as number of individuals per cubic

meter. Absolute data from November 2012 is a bit uncertain due

to stormy weather and strong drift. Particularly, the upper net

sample (0–20 m) was exposed to trawling with roughly five times

more water (i.e., 25 m3) filtered than the theoretical 5 m3 if

hauled vertically, and taxa abundance data were corrected
Frontiers in Marine Science 05
accordingly. In August 2011 and February 2013, the deepest

tow did not reach 180 m, but the abundances of this lowest

stratum were recalculated to obtain comparable results of water

column data.
2.4 Data analyses

Contour plots of sea water temperature and log x + 0.1

transformed zooplankton abundance in the water column from

2011 to 2013 (Figure 2) were performed in MatLab (version

2014b). All other analyses were done in R [version 3.6.1 (R Core

Team, 2020)] using R Studio (version 1.2.5001) and PRIMER

(version 7.021) (Clarke and Warwick, 2001) with the

PERMANOVA+ add on (Anderson et al., 2008).

2.4.1 Zooplankton community structures
Similarities in zooplankton composition were explored by

hierarchical cluster analysis of integrated log x + 0.1 transformed

species/taxa abundance using the R package cluster (Maechler

et al., 2019). The results were visualized in a scatter plot using the

fviz_cluster function in the factoextra package (Kassambara and

Mundt, 2020). Fviz_cluster performs principal component

analyses (PCAs) and plots the data points according to the
A

B

C

FIGURE 2

Seasonal development of environmental parameters and zooplankton abundance in the water column at station BAB in Billefjorden during the
study period from May 2011 to September 2013. (A) Seasonal variability in fluorescence (normalized between 0 and 1) measured by a SeaPoint
fluorometer placed at 28 m depth on the mooring line deployed close to station BAB in Billefjorden. (B) Seasonal variability in temperature (°C)
based on several temperature loggers along the mooring line deployed close to the station. White field indicates gaps in measurement due to
moorings being serviced. Gray bars on top indicate periods of ice cover. (C) Seasonal variability in total zooplankton abundance (log ind. m−3),
there white field represent no data available.
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first two principal components that explain the majority of the

variance (dimensions 1 and 2). To estimate the similarities in

taxa composition within the distinct clusters revealed in the

cluster plot, we used SIMPER (similarity percentage) analyses in

PRIMER (version 7.021) on log x + 0.1 log-transformed

integrated zooplankton data and Bray–Curtis similarity.

To test whether differences in the zooplankton community

composition (integrated log x + 0.1 transformed species/taxa

abundance) was mainly due to season and/or year, we performed

a permutat ional mult ivar ia te analys is of var iance

(PERMANOVA) test on Bray–Curtis similarity among sample

units to obtain p-values using random permutations of residuals

under a reduced model for both the dependency of singular

factors (year; season) and their simultaneous acting (Anderson

et al., 2008). PERMANOVA is an ANOVA-like statistical

method designed for multivariate data clouds (a matrix of

resemblances expressed either as distances, dissimilarities,

or similarities).

2.4.2 Vertical Zooplankton distribution
We calculated the weighted mean depth (WMD) for selected

species/taxa to determine seasonal changes in their vertical

distribution. Similarly to Daase et al. (2016), we calculated the

mean depth (Zm) and the standard deviation (Zs) of the

frequency distribution along the depth axis using the method

of Manly (1977):

Zm =on
j=1wjzj (1)

Zs =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

j=1wjzj − Z2
m

q
(2)

wj =
djfj

on
j=1djfj

(3)

where n is the number of depth intervals, dj = lower sample –

upper sample depth (m) of sample interval j, zj is the midstrata

(m) of sample interval j, fj is the density of individuals (per m
3)

observed in depth interval j, and wj is the relative abundance at

depth stratum j taking into account the range of the depth

interval. To account for the variability in bottom and sampling

depth between our main station BAB (bottom depth, 192 m;

sample depth, 170–182 m) and the station in the outer basin

sampled in February 2013 (bottom depth, 154 m,; sample depth,

140 m) (see Table 1 for sampling details), we calculated the

relative weighted mean depth as the ratio of WMD to the depth

of the deepest sample at each sampling event to compare

seasonal changes in depth distributions between species/taxa.

The WMD (Zm) indicates the mean depth at which the

majority of population is located, while its standard deviation

(Zs) is a proxy for the extent of the vertical distribution (small Zs
indicates that organisms were concentrated at a certain depth, and

large ones the opposite).
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3 Results

3.1 Seasonal changes in environmental
conditions and corresponding
zooplankton patterns

3.1.1 Hydrography
The inner basin of Billefjorden was characterized by locally

formed cold water (<−0.5°C) that prevailed year-round below

80 m and throughout the entire water column, while the fjord

was ice covered (Figure 2B). Ice formed at the beginning of

March in 2012 (https://cryo.met.no) and in early February in

2013 (JE Søreide pers. obs.). Maximum sea ice thickness varied

between 30 cm (2013) and 50 cm (2011 and 2012), while snow

depth varied from a maximum of 15 cm (2011 and 2012) to

almost none in 2013 (max. 1 cm). Ice breakup occurred at

similar times, at the beginning of June, in all 3 years (https://

cryo.met.no).

As soon as the ice broke up, water temperatures increased

rapidly in the upper 60 m (above the sill depths) resulting in a

strong thermal stratification that persisted throughout the

summer (Figure 2B). Maximum water temperatures were

observed in August (up to +6°C), but below 100 m, water

temperatures remained below −1°C (Figure 2B). Throughout

autumn, surface waters cooled, and the stratification broke

down. In January, the water column was well mixed and

homogeneously cold (−1.7°C).
3.1.2 Algal food availability
Fluorescence measurements at 28 m (Figure 2A) and

throughout the water column (CTD profiles; Supplementary

Figure S1) indicated that phytoplankton increased in abundance

under the ice in late April all 3 years with peak values observed in

early to mid-May every year (~7 µg Chl a L−1; Freese et al., 2016).

Fluorescence values were low in June 2011, while elevated values

(~1 µg L−1) persisted into July in 2012 and 2013 (Figure 2A). Ice

algae were present in April, but ice algal chlorophyll a

concentrations were overall low in Billefjorden (<0.8 µg L−1,

Leu et al., 2015; Søreide unpublished data).
3.1.3 Seasonal patterns in Zooplankton
abundance

Zooplankton showed distinct seasonal patterns in vertical

distribution (Figure 2C). In spring–summer, following the

ice breakup (June–August 2011, June–July 2012, and July–

August 2013), the highest total mesozooplankton abundance

was found in surface waters. From August to September,

zooplankton was mainly concentrated below 100-m depth

where the majority remained until April, before descending

again in August.
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3.1.4 Zooplankton biodiversity

The zooplankton community consisted of 49 recognized

zooplankton taxa, representing 9 phyla, 19 orders, 26 families,

and 25 genera. Among these, 16 taxa belonged to Copepoda and 8

to other Crustacea, constituting 87% (69% Calanoidae) and 0.06%

of the total zooplankton abundance, respectively. The taxonomical

composition of the zooplankton community was relatively

constant over time, with 11 taxa occurring at all sampling dates

(Microcalanus spp., Pseudocalanus minutus, C. glacialis, Oithona

similis, C. hyperboreus, C. finmarchicus, Metridia longa, Acartia

longiremis, Aetideidae juveniles, Triconia borealis, and Parasagitta

elegans) and 14 taxa occurring in more than 50% of the samples

(Supplementary Table S1). Boreal species such as Limacina

retroversa, Evadne nordmanni, and Oithona atlantica, and

deeper living Metridia lucens and Tomopteris helgolandicus were

occasionally found in low abundances in summer and autumn

(data not shown). Meroplankton, larvae of Cirripedia, Bivalvia,

Gastropoda, Polychaeta, and Echinodermata accounted for

roughly half of the zooplankton abundance in May–July, but

disappeared abruptly during autumn, being virtually absent in

winter (Figure 3A).

Among copepods, small-sized taxa accounted for 45%–93% of

the zooplankton abundance, except in May–July during peak

abundance of meroplanktonic larvae. The two omnivorous

copepods Microcalanus spp. and O. similis and the predominantly

herbivorous Pseudocalanus spp. were major contributors to the

overall zooplankton abundance (28%, 16%, and 18%, respectively),

while the large copepodC. glacialis accounted for roughly 40% in late

August–September but<1% in April (Figure 3B, Supplementary
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Table S1). Microcalanus spp. was observed in highest abundance

in winter and spring, while Pseudocalanus spp. and O. similis were

most numerous in autumn (Table 2, Figure 3B).

Among non-copepod holoplankton species, the pteropod

L. helicina was the most abundant species comprising up to 25%

of the non-copepods in autumn (64,025 ind. m−2) (Figure 3C).

This mucus filtrator was almost always present (92% of sample

events), mainly in the form of juvenile specimens with peak

abundances observed between August and November (Table 2,

Supplementary Figure S4). Other mucus filtrators such as the

appendicularians Fritillaria borealis and Oikopleura spp. peaked

also in abundance in autumn, but their abundance was one order

of magnitude lower (<6,215 ind. m−2, Supplementary Figure S4).

Among the predatory zooplanktons, the chaetognath P.

elegans was the most abundant (up to 82 ind. m-2) and the

only consistently present carnivore in all samples (Figure 3C,

Supplementary Table S1). The chaetognath Eukrohnia hamata

(<6 ind. m−2), the pelagic amphipods Themisto abyssorum and

T. libellula (<36 ind. m−2), and the pteropod Clione limacina

(<66 ind. m−2) occurred less frequent and in very low numbers.

Other predatory taxa that appeared regularly were juveniles and

larvae of ctenophores (Beroë cucumis and Mertensia ovum) and

hydromedusae (Aglantha digitale and Bougainvillia sp.)

(Supplementary Table S1).
3.3 Seasonal community patterns

The cluster analyses on log x + 0.1 transformed integrated

zooplankton abundances revealed that the seasonal variability in
B

C

A

FIGURE 3

Monthly variability in zooplankton abundance (ind. m−2) and species composition of dominant zooplankton groups during the study period May
2011–September 2013 in Billefjorden, station BAB. (A) Total abundance of dominant zooplankton groups [large (total length > 2 mm) and small
copepods (total length<2 mm)], copepod nauplii, non-copepod species, and meroplankton. (B) Relative composition of dominant small
copepod taxa. (C) Relative composition of dominant non-copepod taxa.
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the community structure was higher than the inter-annual

variability (Figure 4). The PERMANOVA analysis confirmed

that season had a significant effect on community composition

(p = 0.001), while neither year (p = 0.47) nor the interaction

between year and season was statistically significant (p = 0.15).

The zooplankton total abundances did not vary much between

seasons, but the taxa composition did (Table 2, Figure 5).

Four main zooplankton communities were apparent in the

cluster analysis with a distinct winter community in December–

April (81% similarity in community composition; SIMPER)

followed by a spring community in May and June (69%

similarity, SIMPER), developing into a summer community in

July (75% similarity, SIMPER) and further to a distinct autumn

community in August–November (76%, similarity SIMPER).

Winter was characterized by a zooplankton community with

high abundance of Microcalanus spp. combined with relative

low abundance of C. glacialis. In spring, Cirripedia and copepod

nauplii became abundant, and in summer, high numbers of

bivalve larvae were observed. In autumn, Pseudocalanus spp. and

O. similis peaked in abundance, together with C. glacialis and L.

helicina (Table 2, Figure 5).
3.4 Seasonal vertical migration

The seasonal variability in taxa abundance and vertical

distribution showed three main patterns: (1) taxa with high

seasonal variability in their depth distribution, termed “seasonal

migrators,” (2) taxa that remained at depth throughout the year,

termed “deep-dwelling zooplankton,” and (3) taxa with highly

seasonal occurrences termed “seasonal visitors” (e.g.,
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meroplankton). Patterns in abundance and vertical

distribution are described below following these three categories.

3.4.1 Seasonal migrators
Zooplankton taxa performing distinct seasonal migration

were copepods of the genus Calanus spp. and Pseudocalanus

spp. and, to a lesser extent, the cyclopoid copepod O. similis and

the chaetognath P. elegans (Figures 6, 8A).

Calanus glacialis occurred in high abundances in autumn (up

to 3,100 ind. m−3 at deepest depth; Supplementary Table S1) but

decreased in numbers over winter with lowest abundances

observed in April and May (<150 ind. m−3; Table 2). In winter

and spring, the C. glacialis population primarily consisted of

females and copepodite stages IV (CIV) with a WMD of 68–119

m in winter and 20–71 m in spring. In mid-July, it was still in the

surface (WMD, 27 m) and descended deeper by the end of July

(WMD, 72–90 m), and it primarily centered below 100 m

throughout autumn and winter (WMD September–January, 100–

144m). FromJanuary onwards, a slow shallowingof theWMDwas

observedbeforeC. glacialis entered the surfacewater again in spring

(Figure 6A). The two other Calanus species occurred in much less

numbers in Billefjorden (Supplementary Table S1) but showed

similar seasonal migration patterns as C. glacialis, except that C.

finmarchicus remained in the surface 50 m up to 1 month longer

than the two others in summer–autumn.

Pseudocalanus spp. dominated the small-copepod fraction in

summer and autumn and showed a consistent seasonal cycle in its

total abundance (Figures 6B, 8A). Its abundance was generally low

in winter and particularly low in spring (Table 2, Figure 5). During

summer, it showed increasing numbers, reaching maximum

abundances in August (Figures 5, 6B, Supplementary Table S1).
FIGURE 4

Multidimensional scaling (MDS) of cluster analyses performed on integrated (log x + 0.1 transformed) zooplankton species/taxa data (ind. m−3).
The two dimensions display 68.1% of the total variability and show four distinct clusters of samples with high similarity (>69%; SIMPER): Spring
(May–June), Summer (July), Autumn (August–November), and Winter (December–April).
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In summer (July), the Pseudocalanus population was concentrated

in the upper 50 m (WMD, 26–35 m) and comprised mainly of

young developmental stages (CI–CII). Throughout autumn and

winter, it was centered at intermediate depth (WMD, 58–95 m),

and the overwintering stages CIV and CV prevailed. Females of P.
Frontiers in Marine Science 09
minutes were always present with peak numbers in June, while

females of P. acuspes only occurred fromMay to September.Males

were present all months except November and December.

Oithona similis concentrated at subsurface and intermediate

depths in summer (WMD, 51–86 m) and autumn (WMD, 43–
TABLE 2 Overview of main zooplankton species/ taxa (ind. m-3) in Billefjorden, Svalbard, divided into the four seasons: Winter, Spring, Summer
and Autumn according to similarity (cluster) analyses on integrated zooplankton densities (see Figure 4).

Group Species/taxa Winter (Dec-April) n=7 Spring (May-June) n=5 Summer (July) n=3 Autumn (Aug-Nov) n=6

Calanoida Calanus glacialis 264.4 ± 54.2 104.6 ± 49.8 303.2 ± 58.6 533.1 ± 106.9

C. finmarchicus 3.4 ± 0.8 26.9 ± 16.8 135.5 ± 94.2 25.7 ± 14.7

C. hyperboreus 0.9 ± 0.1 4.7 ± 2.9 3.6 ± 1.8 3.1 ± 0.4

Metridia longa 29.3 ± 9.0 12.1 ± 3.6 7.7 ± 3.0 15.7 ± 3.2

Bradyidius similis 0.3 ± 0.1 0.2 ± 0.1 0.4 ± 0.2 0.0 ± 0.0

Aetideidae juvenilesa 2.7 ± 0.5 4.3 ± 1.4 4.0 ± 1.5 7.6 ± 2.4

∑Large
copepodsb

301.0 ± 48.8 152.9 ± 69.8 454.5 ± 116.7 585.2 ± 114.1

Calanoida Pseudocalanus spp. 323.6 ± 153.0 74.4 ± 31.2 223.0 ± 81.7 602.3 ± 186.7

Microcalanus spp. 864.6 ± 224.4 531.3 ± 135.2 304.8 ± 117.7 238.3 ± 38.6

Acartia longiremis 6.2 ± 2.1 2.5 ± 0.9 11.0 ± 5.5 6.7 ± 1.3

Cyclopoida Oithona similis 278.4 ± 43.6 156.9 ± 31.4 196.2 ± 75.7 469.4 ± 112.9

O. atlantica 0.4 ± 0.1 0.5 ± 0.2 0.9 ± 0.6 7.9 ± 3.6

Triconia borealis 12.5 ± 2.9 5.0 ± 1.3 9.4 ± 4.1 8.8 ± 2.3

∑Small
copepodsb

1 485.7 ± 210.9 770.7 ± 187.3 745.2 ± 154.7 1 333.4 ± 194.8

Copepoda nauplii 3.6 ± 1.7 193.1 ± 128.9 30.5 ± 16.5 2.8 ± 1.9

Euphausiacea Thysanoessa inermis 0.1 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.0

Chaetognatha Parasagitta elegans 1.5 ± 0.1 0.7 ± 0.3 3.3 ± 1.0 3.3 ± 0.7

Hydrozoac 0.7 ± 0.2 0.6 ± 0.2 0.3 ± 0.2 0.1 ± 0.1

Ctenophorad ∑Mertensia; Beroë 2.1 ± 0.6 0.3 ± 0.2 0.4 ± 0.2 0.2 ± 0.1

Pteropoda Clione limacina 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.1

Limacina helicina 11.6 ± 4.3 0.4 ± 0.3 3.6 ± 2.6 163.1 ± 48.3

Appendiculariae ∑Fritillaria,
Oikopleura

2.4 ± 1.2 0.6 ± 0.2 0.1 ± 0.1 10.3 ± 5.2

∑Holoplanktonb 1 809.6 ± 208.5 1 124.3 ± 368.7 1 239.0 ± 213.1 1 820.6 ± 445.7

Cirripedia nauplii and cypris 0.1 ± 0.1 302.2 ± 98.5 16.5 ± 7.4 0.5 ± 0.3

Bivalvia larvae 0.4 ± 0.2 2.1 ± 1.8 725.2 ± 534.0 12.2 ± 5.0

Polychaeta larvae 0.0 ± 0.0 6.2 ± 3.0 1.8 ± 1.4 0.4 ± 0.2

Echinodermata larvae 0.0 ± 0.0 10.4 ± 9.7 2.1 ± 1.6 3.6 ± 1.9

∑Meroplanktonb 0.6 ± 0.2 321.0 ± 103.5 746.2 ± 535.8 17.4 ± 6.9

∑Total zooplanktonb 1 810.2 ± 208.4 1 445.3 ± 378.8 1 985.1 ± 342.2 2 115.9 ± 266.8
aunidentified Aetideidae CI-CIV which most likely comprise of Bradyidius similis

bsum of all taxa in the given group; see Supplementary Table S1 for complete taxa list
cmainly unidentified juveniles and some Aglantha digitale and Bougainvilla superciliaris
dMertensia ovum, Beroë cucumis and cydippid larvae
eFritillaria borealis and Oikopleura spp.
Data are given in mean with standard errors of n samples. Bold numbers are sum (∑) of taxa. See Supplementary Table S1 for all taxa recorded in Billefjorden years 2011-2013.
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73 m) to descend relatively deep during winter (WMD, 70–117

m) and spring (WMD, 74–110 m) (Figure 6C). The upward

movement in July–August was followed by maximum

abundance in autumn (Table 2, Figure 8A)

Parasagitta elegans showed also consistent seasonal changes

in their vertical position (Figure 6D). It remained fairly deep in

winter (WMD, 80–104 m) with an upward movement in May

(WMD, 44 m), concentrating at the surface in July (WMD, 10–

20 m), and relocating to subsurface and intermediate depth in

autumn (WMD, 43–70 m). Parasagitta elegans was observed in

highest abundance during summer and autumn (Figure 8A).
3.4.2 Deep-dwelling zooplankton
Microcalanus spp. was the most abundant deep-dwelling

species, followed by the much less numerous Triconia borealis,

M. longa, and Bradyidius similis (Figure 7). Microcalanus spp.

had a predominantly deep distribution (WMD, 77–145 m) year-

round (Figure 7A) with peak abundances in winter (Table 2,

Figure 8B). The much less abundant M. longa (WMD, 71–139

m) and Triconia borealis (WMD, 70–140 m) showed similar

deep preference as Microcalanus spp. with peak numbers in

winter-spring (Table 2, Figure 7B, C, 8B).

Copepods of the family Aetideidae (mainly represented by B.

similis) were constantly present and concentrated below 100 m

year-round (WMD,<100 m) with highest abundances observed

between May and September (Figures 7D, 8B).
3.4.3 Seasonal visitors
Larvae of benthic taxa (Meroplankton) and larvae/juveniles of

holoplankton (copepodnauplii andL. helicina) occurred in seasonal

pulses.Meroplankton and copepodnauplii were abundant in spring

and summer,while juveniles ofL. helicinawereabundant in autumn
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(Table 2, Figure 8C). While the abundance of the different

meroplanktonic larvae varied between years, the sequence of their

appearancewas similar (SupplementaryFigureS3), andtheywereall

primarily concentrated in the upper 50 m (data not shown).

Cirripedia larvae (first nauplii, later cypris) appeared in May/June

(up to 2,953 ind.m−3) together with Polychaeta larvae (up to 76 ind.

m−3) and were largely concentrated in the upper 50 m (WMD, 10–

48 m). Bivalvia larvae dominated the meroplankton community in

July (up to 14,140 ind. m−3, Supplementary Table S1). They were

concentrated in the surface layers during peak abundance (WMD,

13 m) but were found in low numbers at greater depth after their

abundances decreased in August and September (WMD, 33–109

m). Pelagic larvae of macrobenthos (Hyas araneus and Eupagurus

zoea) were found in surface layers in June/July but were of minor

importance together with Bryozoa and Gastropod larvae, which

peaked in abundance in September. Echinodermata larvae appeared

for the first time in early May. They were present in low numbers

throughout summer and early autumn occupying subsurface and

intermediate water layers (WMD, 16–65 m).

Copepod nauplii (mostly Calanoid nauplii) were observed in

low abundances (<10 ind. m−3) for the most parts of the year

with high abundances observed between May and July

(primarily C. glacialis and Pseudocalanus spp.), with a peak in

June (up to 1,040 ind. m−3) (Figure 8C). From May to

September, they were mainly found in the upper water column

(WMD, 28–91 m), while the few ones discovered in winter was

primarily found deep (WMD, 26–165 m) (Supplementary Figure

S3). Peak abundances of copepodite stage CI of C. glacialis and

Pseudocalanus spp. were found in June and July, respectively

(Supplementary Figure S4). Copepodite stage 1 of the deep

dwelling copepods of the family Aetideidae (primarily B.

similis) were found all year-round concentrated below 100 m

(WMD, 75–160) (Supplementary Figure S3)
FIGURE 5

Average integrated abundance of the most dominant zooplankton species (ind. m−3) in Billefjorden (2011–2013) in the four seasons identified by
multidimensional scaling (see Figure 4): Winter (December–April), Spring (May–June), Summer (July), and Autumn (August–November).
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Juveniles of L. helicina appeared in large numbers in surface

and sub-surface waters in August–September (up to 1,973 ind.

m−3) and persisted throughout autumn (Figure 8C) but

descended to deeper water in October followed by a distinct

drop in abundance (<10 ind. m−3) from December to July

(Supplementary Figure S4).
4 Discussion

4.1 The arctic refuge

The true arctic fjord characteristics of Billefjorden was

reflected in the species composition with cold-water species

prevailing year-round (C. glacialis , P. minutes , and
Frontiers in Marine Science 11
Microcalanus spp.) or representing important components of

the community (M. longa, P. acuspes, L. helicina, and P.

elegans) (Gluchowska et al., 2016). Species of more arcto-

boreal provenance (C. finmarchicus, A. longiremis, T.

borealis, and E. hamata) appeared in low numbers. The

occasional occurrence of boreal species (Limacina retroversa,

Evadne nordmanni, and Oithona atlantica, and deeper living

Metridia lucens and Tomopteris helgolandicus) indicated that

remnants of transformed Atlantic water (AW) can occasionally

penetrate into Billefjorden. This was especially true during the

ice-free summer and autumn when the upper 50 m (above the

sill depth) receives occasional influx from Isfjorden (Skogseth

et al., 2020). However, while extreme influxes of AW into the

Isfjorden system were documented in autumn 2013 (Skogseth

et al., 2020), Billefjorden remained relatively free of AW
B

C
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FIGURE 6

Relative weighted mean depths (WMDs) against day of year for species with high seasonal variability in WMD Billefjorden, years 2011-2013. Error
bars indicate the spread (Zs) of individuals over the water column, bubble size reflects mean abundance in water column (ind m−3), and color
indicates year. (A) Calanus glacialis, (B) Pseudocalanus spp., (C) Oithona similis, and (D) Parasagitta elegans. Note the differences in scale
between species. The relative WMD is the ratio of WMD to the total sample depth, i.e., a WMD of<0.5 indicates that the taxa was centered in the
upper half of the water column, a WMD closer to 1 indicates that the distribution was centered in the deeper part of the water column.
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signatures and accompanied zooplankton taxa. We therefore

conclude that advective processes are minor in Billefjorden and

that the local in-fjord processes are the main ones.

Interestingly, the total zooplankton abundance did not vary

much across seasons in Billefjorden, and it was comparably

higher to that found in ice-free Atlantic influenced fjords in

Svalbard (Gluchowska et al., 2016; Hop et al., 2019). In terms of

biomass, however, autumn was the season with the highest

zooplankton biomass due to the high abundance of large, older

copepodite stages of C. glacialis. Small-sized copepods

(including young stages of Calanus spp.) and meroplankton

(e.g., tiny Bivalvia larvae) dominated in numbers the other

seasons, but these small taxa contribute little in terms of

biomass (Blachowiak-Samolyk et al., 2008).
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4.2 Seasonal patterns

The reoccurring seasonal patterns in the zooplankton

community structure in Billefjorden are summarized in

Figure 8. We identified three general patterns in the seasonal

variation in abundance and vertical distribution of zooplankton:

(1) seasonal migrators, taxa with distinct seasonal variability in

their depth distribution, peaking in abundance in summer–

autumn and showing lowest numbers in spring; (2) deep-

dwelling zooplankton, taxa that remain at depth throughout

the year being relatively more abundant in winter–spring

compared to summer and autumn; and (3) seasonal visitors,

taxa with temporarily limited occurrences in high numbers, i.e.,

meroplankton and other juveniles that peaked primarily in
B

C

D

A

FIGURE 7

Relative weighted mean depths (WMDs) of taxa with deep distribution in Billefjorden, years 2011-2013. Error bars indicate the spread (Zs) of
individuals over the water column, bubble size reflects mean abundance in water column (ind m−3), and color indicates year. (A) Microcalanus
spp., (B) Metridia longa, (C) Triconia borealis, and (D) Aetideidae. Note the differences in scale between species.The relative WMD is the ratio of
WMD to the total sample depth, i.e., a WMD of<0.5 indicates that the taxa was centered in the upper half of the water column, and a WMD
closer to 1 indicates that the distribution was centered in the deeper part of the water column.
frontiersin.org

https://doi.org/10.3389/fmars.2022.933461
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Søreide et al. 10.3389/fmars.2022.933461
spring–summer at the surface but were largely absent during the

rest of the year.
4.3 Seasonal migrators

Seasonal vertical migration (SVM) is a common feature

among boreal and arctic zooplankton species (reviewed in

Bandara et al. , 2021). SVM is tightly connected to

reproductive and overwintering strategies of species and is

therefore usually an ontogenetical migration (e.g., Conover,

1988; Hirche, 1996; Madsen et al., 2001). SVM is an

adaptation to deal with periodical resources limitation, which

is typical for high latitudes, and is characterized by an upward

migration in spring to utilize the high primary production in

surface layers for reproduction, growth, and development,

followed by a downward migration in autumn and a residence

at greater depth during winter. The appearance of the spring

bloom in early May every year in Billefjorden is similar to the

timing of the spring bloom in ice-free fjords in Svalbard (Stübner

et al., 2016; Hegseth et al., 2019). During the spring bloom and

throughout summer, zooplankton abundance was highest in the

surface 50 m, while the bulk of the zooplankton community

moved to deeper waters during the non-productive autumn and

winter. Seasonal migrators and seasonal visitors (meroplankton

and copepod nauplii) were the cause for the dominant shallow

distinct distribution pattern in bulk zooplankton in spring

and summer.

In Billefjorden, SVM was displayed by the primarily

herbivorous C. glacialis and Pseudocalanus spp., but also by

the omnivore O. similis and the carnivore P. elegans. SVM is well

documented for these species across boreal and Arctic seas

(Kosobokova, 1999; Gislason and Astthorsson, 2004; Daase
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et al., 2013; Darnis and Fortier, 2014; Grigor et al., 2014;

Lischka and Hagen, 2016). In C. glacialis and Pseudocalanus

spp., the SVM was accompanied by ontogenetical changes in the

population structure, with older copepodites descending during

autumn to depths and ascending to surface the following spring

while the young copepodites being abundant in surface waters

during summer (Weydmann et al., 2013). Both species utilize the

spring bloom for reproduction (Lischka and Hagen, 2005; Thor

et al., 2005; Darnis and Fortier, 2014), and both displayed high

seasonal variability in abundance with maxima in late summer

and autumn, large decreases during winter, and very low

numbers in spring. This indicates not only high mortality

during winter (Daase and Søreide, 2021) but also successful

recruitment during spring and summer, enabling them to build

up large populations over a short period of time (e.g., Arnkværn

et al., 2005; Leu et al., 2011; Hatlebakk et al., 2022).

The ascent of C. glacialis in spring seems to be a gradual

process. Starting already in February, its WMD increased

progressively. In a parallel study in 2012–2013, Freese et al.

(2017) found that lipid catabolic activity increased and lipid

content decreased in C. glacialis in Billefjorden from December

to April. Gonad maturation and egg production (capital

breeding) are energy demanding, and to start to prepare for

reproduction so far in advance of the spring bloom increases the

risk for resource limitation and non-consumptive mortality

(Daase and Søreide, 2021). By early April, almost half of

population was located at 50–100 m, and in the beginning of

May, 87% was found above 100 m. The occurrence of young

copepodites of C. glacialis in July 2011 andMay–June 2012–2013

(Supplementary Figure S3) indicates similar timing of

reproduction in Billefjorden as in Amundsen Gulf and other

fjords in Svalbard (Daase et al., 2013; Hatlebakk et al., 2022), and

Western Greenland (Madsen et al., 2001). The descent of
B CA

FIGURE 8

Circular heatmap summarizing the seasonal changes in relative abundance of (A) seasonal vertical migrators, (B) deep-dwellers, and
(C) seasonal visitors occurring in high numbers during shorter periods such as larvae of benthic taxa (meroplankton) and holoplankton (copepod
nauplii and juveniles of Limacina spp.).Color scale is a relative scale based on abundance (ind m−3), i.e., lowest abundance of each taxa = 0, the
highest = 1, and all other values are linearly scaled accordingly so that dark color tones mark the month with highest abundance and lighter
colors and white mark the month with lowest abundance.
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overwintering CIV–V to depths was accomplished in a shorter

period of time from late July to August (Freese et al., 2017).

Pseudocalanus spp. was distributed somewhat higher up in

the water column than C. glacialis during winter and spring. In

Amundsen Gulf, Pseudocalanus spp. was defined as the most

epipelagic copepod with only weak SVM (Darnis and Fortier,

2014). Copepodite stages CIII–CV were present year-round,

confirming that these are the main overwintering stages

(Ussing, 1938; Lischka and Hagen, 2005; Lischka and Hagen,

2016; Ershova et al., 2021b). CI peaked in July (Supplementary

Figure S3), indicating that reproduction occurred in May–June

(Ershova et al., 2021b). This phenology is similar to that of

Pseudocalanus populations in Kongsfjorden and in northern

Norway (Norrbin, 1991; Halvorsen and Tande, 1999). CIs were

present throughout autumn, indicating reproduction occurring

throughout summer and not being restricted to the main

phytoplankton bloom, which is most likely due to the presence

of both P. minutes and P. acuspes that reproduce primarily in

respective spring and summer–autumn (Ershova et al., 2021b).

Pseudocalanus minutes is larger and more lipid-rich than P.

acuspes (Boissonnot et al., 2016) and is also known to utilize the

early ice algae food source to speed up reproduction (Conover

et al., 1986). Pseudocalanus spp. may be able to utilize the post

bloom much more efficiently than C. glacialis, being able to

capture smaller algae cells and microplankton that become more

important as food source throughout summer and autumn

(Hegseth et al., 2019). Being more active during winter, they

may invest in prolonged reproductive periods rather than in

growth and lipid storage (Barth-Jensen et al., 2022). The boreal

Pseudocalanus moultoni is morphologically very similar to P.

acuspes, and this species was most likely also present in

Billefjorden during this study (e.g., Ershova et al., 2021b).

However, its strong decline in numbers over winter combined

with no nauplii being identified to P. moultoni suggests that P.

moultoni is not actively reproducing in Billefjorden (Ershova

et al., 2021b).

The timing of decent and ascent was slightly shifted in O.

smilis compared to C. glacialis and Pseudocalanus spp. Oithona

similis became abundant in the upper 50 m first in August and

peaked in abundance during autumn similarly to observations by

Balazy et al. (2021) in the nearby Adventfjorden. At this time, C.

glacialis and Pseudocalanus spp. had already descended to greater

depths, leaving the surface waters to O. similis to exploit and

reproduce with little competition (Balazy et al., 2021). Oithona

similis is omnivorous, with predilection for motile prey and is

feeding actively during summer, autumn, and winter (Lischka and

Hagen, 2016), even though it is also able to accumulate energy

stores in the form of lipids (Narcy et al., 2009). Oithona similis

remained in the upper 100 m throughout autumn, descending to

deeper layers as late as January. The relatively lower extent of SVM

in O. similis is consistent with observations from the Beaufort Sea,

where epipelagic O. similis exhibited only modest amplitude of

SVM (Darnis and Fortier, 2014).
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Parasagitta elegans is a common predator in the Arctic

(Søreide et al., 2003; Blachowiak-Samolyk et al., 2008) and

subarctic waters (Gislason and Astthorsson, 1998; Terazaki,

1998; Abramova and Tuschling, 2005) and was the most

abundant carnivore with year-round presence in Billefjorden.

We found the SVM pattern of P. elegans to mirror that of the

copepods, indicating that this behavior is a response to the SVM

conducted by their prey organisms, such as Calanus and smaller

copepods (Terazaki, 1998; Grigor et al., 2014; Bandara et al.,

2016). Parasagitta elegans also exhibited seasonal and

interannual variability in abundance, which may be related to

food abundance. Chaetognaths can have high predatory impact

on plankton communities (Arashkevich et al., 2002; Baier and

Terazaki, 2005). For instance, the strong decline in

Pseudocalanus spp. abundance during winter 2013 coincided

with a consistent presence of P. elegans and high abundance of

ctenophores, suggesting predation pressure as the source for the

high mortality in parallel with non-consumptive mortality due

to resource shortage in the copepods when they molt and invest

in gonad maturation (Daase & Søreide, 2021).
4.4 Year-round deep-dwellers

In contrast to the SVM behavior observed in herbivorous

copepods and their most abundant predator, a number of taxa

displayed only small changes in their vertical distribution,

remaining below the euphotic zone year-round. At depths,

microbial processes dominate (e.g., Bradford-Grieve et al.,

1999), so dwelling deeper puts restrictions on a herbivorous

feeding mode, and taxa with omnivorous, detrivorous, or

carnivorous feeding strategies are mainly encountered (e.g.,

Yamaguchi et al., 2022).

The most spatially confined distribution was found in

copepods of the family Aetideidae, which were found almost

exclusive in the deepest layers. Little is known about the life

cycles of these species (Bradford-Grieve, 2004), since they likely

are regularly under-sampled in plankton tows that do not

sample efficiently close to the sea floor, but the year-round

presence of the youngest copepodite stages and nauplii of

Aetideidae suggests continuous reproduction (Barth-Jensen

et al., 2022).

Persistent year-round preference for deep waters was also

observed in the abundant small-sized copepodsMicrocalanus spp.

and T. borealis and the less abundant large M. longa. Vertical

distribution patterns ofM. longa should be taken with caution due

to its relatively low abundance in our study and its tendency to

conduct diel vertical migration (Daase et al., 2008). No clear SVM

was observed in these three species in the Amundsen Gulf (Darnis

and Fortier, 2014) nor during a drift study in the Beaufort Sea and

the Chukchi Sea (Ashjian et al., 2003). However, signs of SVM

were found in the permanently ice-covered central Arctic basins

(Geinrikh et al., 1983).
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Microcalanus spp. displayed small upward movements in

July and a subsequent dispersion over intermediate layers during

autumn. This is in accordance with observations from the

Southern Ocean where M. pygmaeus spent late winter and

early spring at greater depth, ascending to intermediate depths

in summer and descending during autumn (Schnack-Schiel and

Mizdalski, 1994).
4.5 Seasonal visitors

The third persistent pattern observed in the zooplankton

community was the mass occurrence of larvae and juveniles of

various taxa in the surface and subsurface strata in spring and

summer. These taxa dominated the zooplankton community

in terms of numbers during periods of mass occurrence.

Increased temperatures and sufficient food availability shorten

larval development time, thereby increasing larval survival and

thus facilitating the outburst of juveniles and larvae during

the phytoplankton bloom in surface layers (Fenaux et al., 1994).

The overall low ice algae biomass in Billefjorden combined with

the observation of high numbers of cirripedia in May–June

suggests that it is the phytoplankton bloom that triggers the

release of cirripedia nauplii (e.g. Stübner et al., 2016).

Due to the mesh size used (180–200 µm), our abundance

estimates of larvae and juveniles are likely biased, as some larvae

forms may be too small to be caught quantitatively. However, the

different meroplankton taxa appeared in repeatable sequence

each year, and the timing of peak abundances and succession of

the different taxa in Billefjorden resembled the phenology in

Adventfjorden (Kuklinski et al., 2013; Stübner et al., 2016) and

Kongsfjorden (Lischka and Hagen, 2016): an early outburst of

Cirripedia associated with an appearance of Polychaeta larvae in

May-June was followed by a much larger peak in abundance of

Bivalvia veliger in July, while Echinodermata larvae were present

between May and October.

The sequence in emergence of different meroplankton taxa

offers an additional insight into life history strategies of their

benthic parents. Cirripedia, polychaets, and echinoderms

appear to have adopted a capital breeding strategy and do

not require external food intake to produce and to release their

larvae but can release offspring simultaneously with the spring

bloom, thus enabling their offspring to util ize the

phytoplankton bloom to its full extent (Kuklinski et al.,

2013). The exceptionally regular occurrence of Bivalvia larvae

each year in July indicates an income breeding strategy, relying

on pelagic bloom for maturation and reproduction and also

highly synchronized spawning (Kuklinski et al., 2013).

Furthermore, the occurrence of meroplankton in high

abundances implies a rich benthic community and a strong

pelagic–benthic coupling in Billefjorden. The importance of

meroplankton is a common feature in coastal arctic and

subarctic systems—high occurrence have been reported from,
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e.g., Icelandic waters where ophiuroid larvae accounted for 9%

in total and 22% in July (Gislason and Astthorsson, 1998) and

from the White Sea (Pertsova and Kosobokova, 2003),

Greenland (Arendt et al., 2012), and the Beaufort Sea

(Walkusz et al., 2013).

Another group that was characterized by highly seasonal

peaks in abundance were mucus filtrators and, in particular,

juveniles of the arctic pteropod L. helicina, which appeared in

large numbers in August–September and persisted throughout

autumn. Mucus filtrators have very high ingestion rates and play

an important ecological role in the carbon transport from the

euphotic layer to the sea floor by discarding mucous feeding

webs, which, by flocculation with other particles, enhance

aggregates formation and their downward vertical fluxes

(Alldredge and Gotschalk, 1988; Hunt et al., 2008). Limacina

helicina is also a major food source for a wide spectrum of

predators (Gannefors et al., 2005).

Abundance of L. helicina is notoriously difficult to assess due

to their highly patchy distribution, not only on annual or

seasonal but also on daily and even hourly scale (Boissonnot

et al., 2021). The presence of large numbers of juveniles in

August–September indicates that juveniles are the main

overwintering stage and not veligers as previously suggested

(Gannefors et al., 2005; Lischka and Riebesell, 2012; Lischka and

Hagen, 2016), which is in accordance with the year-round study

by Boissonnot et al. (2021) in nearby Adventfjorden. In 2013,

juvenile Limacina were absent between June and September, and

high numbers of veligers occurred first in September, indicating

that spawning was delayed that year.

The seasonal variation in the vertical distribution is poorly

documented in pteropods (Hunt et al., 2008). Due to the highly

patchy occurrence of L. helicina in Billefjorden, we can also only

present a fragmented picture of the seasonal variability in their

vertical distribution. The aggregation in surface/subsurface

waters in August/September agrees with observations from

coastal and oceanic waters of northern Norway (Halvorsen

and Tande, 1999), the western Baffin Bay (Buchanan and

Sekerak, 1982), and Rijpfjorden (Weydmann et al., 2013). In

mid-winter, L. helicina was concentrated at greater depth; by

early spring, they were gathered in the upper 50 m, but

abundance was generally low in winter and spring. Winter

data from southern hemisphere indicated that L. helicina

antarctica can reduce their metabolic activity in response to

low food availability (Seibel and Dierssen, 2003), but they will

normally continue feeding throughout winter (Hunt et al., 2008).

Thus, the variable vertical distribution in winter may be

governed by both predator avoidance and food availability.
5 Concluding remark

The re-occurring mesozooplankton patterns identified in

Billefjorden in years 2011–2013 provide a seasonal baseline
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that will serve as an important reference to differentiate between

climate change impacts and natural mesozooplankton variability

in Arctic shelf seas and fjords.

The variability in the zooplankton community structure and

vertical distribution is best explained by the factor Season, which

correlates to the seasonal changes in underwater light climate

and algal food availability. Larvae and juveniles occur primarily

when algal food is abundant. The timing of the spring bloom is

therefore steering the phenology of most taxa, either directly

(herbivores/seasonal migrators) or indirectly (omnivores/

predators). Depending on zooplankton life history strategies,

their occurrence in surface layers may be episodic

(meroplankton), restricted to summer (herbivores), or

prolonged until autumn (omnivores). Winter is characterized

by high mortality in herbivorous and seasonal migrating species.

Despite this high winter mortality, these taxa quickly rebuild

their population over the summer. Deep-dwelling, omnivorous

species are less seasonally restricted and often show peak

abundances in winter and spring when herbivorous

populations are severely depleted (Figure 8). These taxa often

have an extended or year-round reproductive period.

The different life histories, depth preferences, and timing of

reproduction among coexisting mesozooplankton taxa revealed

in this study have a straightforward ecological meaning, as they

reduce the inter-specific competition and allow for a relatively

high and constant zooplankton abundance year-round despite

the short window of primary production in high-Arctic fjords

and shelf seas.
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