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Oceanic fronts constitute boundaries between hydrologically distinct water masses and 
comprise one of the most productive regions of the world’s ocean. Fronts associated with 
density gradients (active fronts) profoundly structure planktonic communities in adjacent 
waters, but less is known about the impacts of density-compensated (passive) fronts. 
Two such fronts are found in the European Arctic, the Arctic Front (AF) and the Polar Front 
(PF), that both separate warmer and saltier, Atlantic water from the colder, but fresher 
Arctic water. As scrutinized research on the influence of passive fronts on zooplankton at 
large spatial and temporal scales had been lacking, we tackled the question of their role 
in maintaining distinct communities, employing globally unique, 12-year-long gelatinous 
zooplankton (GZ) and hydrological time series from the European Arctic. The GZ, owing 
to their fast reproductive cycles and passive dispersal, reflect particularly well the local 
environment. We therefore compared GZ communities between zones separated by the 
two fronts, disentangled their drivers, and analyzed community shifts occurring whenever 
front relocation occurred. We have identified fifteen GZ taxa, distributed among three 
distinct communities, specific for front-maintained zones, and selected the following taxa 
as indicators of each zone: W—west of the AF, within the Greenland Sea Gyre, Beroe spp.; 
C—central, in between the AF and the PF, Aglantha digitale; and E—east of the PF, in the 
West Spitsbergen Shelf Mertensia ovum. Taxonomic composition of these communities, 
and their specific abundance, persisted throughout time. We also showed that relocation 
of either front between the sampling years was subsequently followed by the restructuring 
of the GZ community. Our results indicate that passive oceanic fronts maintain distinct 
GZ communities, with probable limited exchange across a front, and provide a new 
perspective for the Arctic ecosystem evolution under progressing Atlantification.

Keywords: jellyfish, Atlantification, West Spitsbergen Current, Arctic Front, Polar Front, Climate Change

INTRODUCTION

Hydrographic fronts form at the junction of distinct water masses, and hence are usually defined 
by a sharp gradient of water properties, like temperature, salinity, and/or density. The existence 
of a horizontal density gradient fuels cross-frontal, vertical circulation and surface convergence of 
water masses (Belkin et  al., 2009), leading to the upwelling of nutrients (Allen et  al., 2005) and 

doi: 10.3389/fmars.2022.941025

ORIGINAL RESEARCH
published: 14 July 2022

http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.941025&domain=pdf&date_stamp=2022-07-14
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#articles
mailto:maciej.manko@ug.edu.pl
https://doi.org/10.3389/fmars.2022.941025
https://www.frontiersin.org/articles/10.3389/fmars.2022.941025/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.941025/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.941025/full
https://doi.org/10.3389/fmars.2022.941025
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
http://creativecommons.org/licenses/by/4.0/
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sinking of organic matter (Stukel et  al., 2017), both linked to 
the enhanced primary and secondary production at a front (le 
Fèvre, 1987; Russell et  al., 1999). Density-related fronts also 
attract representatives of the upper trophic levels, as evidenced 
by records of local aggregations of schooling fish (e.g., Herron 
et al., 1989), seabirds, and whales (reviewed in Olson et al., 1994). 
Moreover, the presence of a geostrophic, along-front currents 
associated with the density fronts, plays a leading role in large-
scale transport of heat, salt, and nutrients (Belkin, 2004), and in 
maintaining the boundary between the adjacent water masses 
(Belkin et al., 2009). Not all fronts are, however, associated with 
the strong horizontal gradients of density, and these so-called 
density-compensated or passive fronts thus do not exhibit 
enhanced primary or secondary production (Drinkwater and 
Tande, 2014). The extent to which such density-compensated 
fronts can structure adjacent ecosystems has yet to be explored.

Two such passive fronts are found in the European Arctic, 
where they bound the northward flow of the Atlantic water on 
both sides (Wassmann et  al., 2015). In the Greenland Sea, the 
Arctic Front (AF), topographically steered by the Mohn and 
Knipovich Ridges (Swift and Aagaard, 1981; van Aken et al., 1995), 
separates the colder and fresher Arctic water of the Greenland Sea 
Gyre from the warmer and saltier Atlantic water in the western 
branch of the West Spitsbergen Current (Walczowski, 2013). 
The other passive front, the Polar Front (PF), crosses most of 
the Barents Sea (Oziel et al., 2016), where it marks the boundary 
between the inflowing Atlantic water, and that originating in 
the Arctic. In its western part, along the southern and western 
Spitsbergen shelf and near the Bear Island, the front location is 
largely controlled by the bottom topography (Loeng, 1991) and it 
borders the eastern branch of the West Spitsbergen Current and 
the Spitsbergen Polar Current (Strzelewicz et al., 2022). Although 
both the AF and the PF are topographically steered, the presence 
of topographic discontinuities (e.g., submarine canyons) that 
leads to the baroclinic and the barotropic instabilities (Teigen 
et al., 2010), promotes cross-front exchange and interleaving of 
the Atlantic and Arctic waters (Huthnance, 1995; Saloranta and 
Svendsen, 2001; Drinkwater and Tande, 2014). Such instabilities 
are associated with a higher concentration of particles and often 
with a larger primary production (Trudnowska et  al., 2016), 
but whether these can propagate up the trophic chain remains 
unresolved.

The position of both the AF and the PF changes with the 
increasing inflow of the Atlantic water (e.g., Walczowski, 2013; 
Wassmann et al., 2015)—a manifestation of the Atlantification of 
the European Arctic (reviewed in Ingvaldsen et al., 2021). During 
warm years, when more of the warmer and saltier Atlantic water 
reaches the Arctic with the flow of the West Spitsbergen Current 
(Beszczynska-Möller et  al., 2012; Walczowski et  al., 2012), it 
pushes the AF westwards (Walczowski, 2013), while on the other 
side of the current, it increases the presence of the Atlantic water 
on the West Spitsbergen Shelf, weakening the PF in the northward 
direction, and shifting its southern part eastwards (Saloranta and 
Svendsen, 2001; Strzelewicz et  al., 2022). Assuming that both 
fronts maintain, to some extent, the distinctiveness of adjacent 
ecosystems, shifts in their position, irrespective of the underlying 
mechanisms, should be traceable with the analysis of local biota 

distribution, provided the availability of the diversity baseline 
and a time-series dataset at the appropriate spatial scale.

Planktonic organisms, owing to their short generation 
times and rapid growth in response to favorable environmental 
conditions, have been advocated as sentinels of the climate 
change in marine ecosystems (Hays et  al., 2005). Patterns of 
their distribution and diversity have already been linked with the 
locations of oceanic fronts (e.g., Basedow et  al., 2014), though 
in the European Arctic, such studies have disproportionately 
focused on the PF (Basedow et  al., 2014; Trudnowska et  al., 
2016; Balazy et  al., 2018), seemingly omitting the AF. Overall, 
these works have identified the Atlantic-facing side of the fronts 
as more productive (Basedow et al., 2014), and harboring more 
abundant planktonic communities (Kwasniewski et  al., 2010; 
Trudnowska et  al., 2016). However, referenced data pertain to 
the well-studied planktonic groups, like hard-bodied copepods, 
or provide low taxonomic resolution, hampering interpolation of 
such results across the whole diversity of plankton.

One such group of animals, gelatinous zooplankton (GZ; here 
as pelagic cnidarians and ctenophores), has received surprisingly 
little attention in the front-position related studies (Luo et  al., 
2014; Haberlin et al., 2019), especially given that their passive and 
active mechanisms of aggregations at physical discontinuities in 
the ocean are well-recognized (Arai, 1992; Graham et al., 2001), 
as is the front-related partitioning of their diversity across 
adjacent water masses (Pagès and Gili, 1992; Haberlin et  al., 
2019). Although the majority of studies agree that the fronts act 
as an impermeable barrier for the GZ (e.g., Graham et al., 2001), 
contradictory evidence exists, which would suggest that they, in 
fact, allow for a continuous exchange between the adjacent GZ 
communities (e.g., Luo et al., 2014). These two opposing patterns 
could be related to the different nature of the active and passive 
fronts, but the paucity of data from the density-compensated 
fronts precludes further reasoning.

Additional support for using the GZ, as a model system to 
study the ecology at the passive fronts, comes with the existence 
of a solid baseline of their diversity in the North Atlantic 
(Licandro et  al., 2015; Hosia et  al., 2017) and the European 
Arctic (Mańko et al., 2015; Ronowicz et al., 2015; Mańko et al., 
2020). Unfortunately, the GZ is either completely absent from 
the local zooplankton time series, or the taxonomic resolution 
of their records is insufficient (Long et  al., 2021), due to their 
fragile body structure that often damages when sampled harshly. 
From a broader perspective, the recent recognition of the GZ’s 
trophic importance (Hays et al., 2018; Lüskow et al., 2021) as well 
as their diverse roles in the biogeochemical cycles (Wright et al., 
2021) and the biological pump (Lebrato et  al., 2019) renders 
understanding of the factors structuring their community pivotal 
for monitoring marine ecosystems and forecasting their climate-
mediated evolution.

The Arctic Ocean is warming up at an unprecedented pace 
(IPCC, 2014) that is even more rapid in its European sector 
(Walczowski and Piechura, 2007), owing to the strengthening 
advection of Atlantic water flowing with the West Spitsbergen 
Current. Monitoring of the spatial extent of Atlantic water inflow 
is thus crucial for predicting the Arctic’s future. With that in mind, 
we designed a study that attempted to use the GZ to track the 

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
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position of the AF and the PF, which flank the West Spitsbergen 
Current, and their role in maintaining distinctive pelagic 
communities across the European Arctic. For that purpose, we 
examined the 12-year-long (2003–2014) zooplankton time series, 
combined with detailed hydrographic measurements spanning 
Greenland, Norwegian, and Barents Seas, the so-called European 
Arctic. We hypothesize that (1) the GZ found on the side of the 
AF and PF that faces the West Spitsbergen Current will be more 
abundant but less diverse, and that (2) the two passive fronts 
would constitute a semi-impermeable barrier, with only a small 
proportion of the shared GZ taxa on either side of each front, 
thus justifying the use of GZ to monitor the shifting position of 
the fronts.

MATERIALS AND METHODS

Data Collection
Zooplankton was sampled at 17 sites scattered throughout the 
European Arctic (Figure  1), from 2003 to 2014, onboard the 
R/V Oceania as part of the Institute of Oceanology of the Polish 
Academy of Sciences annual monitoring campaign—AREX 
(Arctic Research Expedition). Sampling took place from June to 

July, so that each site was visited within a 2-week time window 
each year. Noteworthy, the presence of the sea ice or rough sea 
has sometimes precluded accessing all planned sites in a given 
year; thus, data only from the sites sampled more than five times 
over the study period were included in the analyses.

When on site, the Sea-Bird Electronics CTD (SBE 911plus) 
probe was first lowered down to the seabed, to record the vertical 
profiles of temperature and salinity. Then, the zooplankton was 
vertically sampled from the epipelagic zone (down to 200 m, or 
less at shallower, shelf sites) with the standard WP-2 net fitted with 
180-µm filtering gauze, and then fixed with a borax-buffered 4% 
solution of formaldehyde in seawater. Noteworthy, no clogging 
of the net or any other issue that could impact calculations of 
the volume of water filtered by the net was reported for either of 
the sampling events. In all subsequent analyses, temperature and 
salinity were averaged over 0–200 m to match the zooplankton 
data.

Gelatinous animals were identified to the lowest taxonomic 
level possible, based on the key taxonomic references and species 
lists from the region (see Ronowicz et al., 2015, and references 
therein), and enumerated in each sample using a NIKON 
SMZ800 stereomicroscope. The abundance of GZ was expressed 
as the number of individuals per cubic meter [ind. m−3]. In the 
case of calycophoran siphonophores, separate numbers were 
given for the eudoxids and the polygastric colonies, with the 
latter corresponding to the numbers of anterior nectophores 
encountered, while the former equaled the number of eudoxid 
bracts. The number of physonect colonies was approximated, 
based on the nectophore counts, with the threshold of ten 
nectophores per colony (Guerrero et al., 2018) applied uniformly 
to all species found.

Position of the Fronts
The position of the AF was assumed to follow the 3°C isotherm at 
100 m ± 5 m in the vicinity of the Knipovich Ridge (Walczowski 
et al., 2017). The position of the PF in Storfjorden Trough was 
evaluated based on the salinity averaged over 0–100 m, with 
the salinity of 34.86 taken as the threshold of the Atlantic water 
(Strzelewicz et al., 2022). The location of the PF along the West 
Spitsbergen Shelf was inferred from Strzelewicz et al. (2022) for 
years 2007–2014, and estimated from temperature and salinity 
distribution maps for 2003–2006. To facilitate comparison of 
the GZ community on either side of the fronts, a classification 
of sites, hereafter referred to as the frontal zone or zone for short, 
was introduced: sites located to the west of the AF, within the 
Greenland Sea Gyre—frontal zone W; sites to the east of the 
PF, on the West Spitsbergen Shelf—frontal zone E; and sites 
positioned centrally, between the two fronts—zone C (Figure 1). 
To analyze the consequences of the shifting biogeographic 
domains, an additional classification was used, which grouped 
the W and E frontal zones as the Arctic domain and referred to 
zone C as the Atlantic domain.

Interannual variation in the water mass distribution and 
position of the AF and PF was visualized based on the temperature 
and salinity measured at 100 m ( ± 5 m buffer), interpolated with 
the Data-Interpolating Variational Analysis (DIVA) and plotted 

FIGURE 1 |   Location of sampling sites (A to R) with a general circulation 
pattern (ESC, East Spitsbergen Current; EWSC and WWSC, east and west 
branch of the West Spitsbergen Current; GSG, Greenland Sea Gyre; PC, 
Persey Current and SPC, Spitsbergen Polar Current), and with the two 
oceanic fronts (AF, Arctic Front and PF, Polar Front) marked in yellow. Both 
the oceanic currents and sites are colored according to the frontal zone 
classification (western W, blue; central C, red and eastern E, green), which, in 
the case of sites, reflects their prevailing classification (>70% of years falling 
within a given zone). Bathymetry data were derived from the International 
Bathymetric Chart of the Arctic Ocean (Jakobsson et al., 2012), while ocean 
currents were mapped after Beszczynska-Möller et al. (2012) and Lien 
et al. (2017). Inset map depicts the Arctic Ocean with the investigated area 
bordered by the black rectangle.
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in the Ocean Data View 4. A depth of 100 m was chosen as it 
corresponds to the upper part of the Atlantic water core in the 
European Arctic (Walczowski et al., 2012).

Data Preprocessing and Analysis
Analyzed data included GZ abundance and site-associated 
environmental data: temperature (averaged over 0–200 m; 
[°C]), salinity (averaged over 0–200 m), depth [m], latitude 
[DD], longitude [DD], and the frontal zone classification. 
The distribution of some data deviated significantly from the 
normal distribution (see the Supplementary Material for the 
results of Shapiro–Wilk tests); hence, non-parametric methods 
were used for testing differences between the frontal zones, and 
summaries were given as median ± interquartile range, unless 
otherwise stated. Exact values of test statistics and p were given 
in all cases, while the threshold for significance was set at p ≤ 
0.05. To control the family-wise error rate, Holm–Bonferroni 
correction was used whenever multiple comparisons were run. 
Prior to further analyses, to reduce the weight of dominant 
taxa, GZ abundance was square root transformed, and the 
Bray–Curtis dissimilarity matrix was calculated.

First, the total abundance of GZ was compared between 
the frontal zones, between years and within each zone on an 
interannual scale with a series of Kruskal–Wallis tests, each 
followed by the Dunn’s post-hoc test for pairwise comparisons. 
Then, a permutational multivariate analysis of variance 
(PERMANOVA) (Anderson, 2001) was run with the adonis 
function from the vegan package (Oksanen et al., 2020) in R (v. 
4.0.4) to test whether frontal zones differed in the GZ community 
composition, and, if so, then whether these differences were 
independent of time. Prior to running PERMANOVA, the 
assumption of homogeneity of group dispersion was tested 
with the permutest.betadisper function from the same package. 
Each Monte Carlo permutation was run in 999 replications. Full 
results of PERMANOVA are available in the Supplementary 
Material, while only pseudo-F and p-values are reported here.

Next, the community of the GZ in each frontal zone 
was analyzed, first with the comparative description of the 
percentage contribution of each species to the GZ community. 
Then, the median percentage contribution of the most 
abundant, Atlantic water-related species, Aglantha digitale (O. 
F. Müller, 1776), to the total abundance of GZ was compared 
between each frontal zone. Last, the data on the GZ community 
were scanned in the search of the taxa indicatory of the frontal 
zones, through the IndVal method using the strassoc function 
from the indicspecies package (de Cáceres and Legendre, 
2009). Permutation p-values of the associations between species 
and frontal zones were then calculated with the signassoc 
function implemented in the same package (de Cáceres and 
Legendre,  2009).

In order to evaluate which environmental variables were the 
most influential in shaping the GZ community structure across 
the frontal zones, distance-based linear models (DistLM) 
were built, aided by a visual representation with the distance-
based redundancy analysis (dbRDA), all run in PRIMER 7 

with PERMANOVA+ add-on (Anderson et  al., 2008). First, 
marginal effects were assessed separately for each explanatory 
variable (temperature, salinity, depth, longitude, and latitude). 
Because the GZ community remained under the joint influence 
of all variables, they were incorporated into the target model 
through the forward selection based on the adjusted R2 criterion 
(Legendre and Anderson, 1999).

Finally, to test whether position shifts of the AF and the PF 
were followed by changes in the GZ community, a series of tests 
were run. First, a subset of sites was chosen, which, throughout 
the study period, shifted from the Arctic domain (zone E or W) 
to the Atlantic domain, at least once. These were sites E, H, J, K, 
M, and N. Then, the GZ abundance and the median proportion 
of A. digitale were compared between the Arctic and the 
Atlantic community at a given site with the Wilcoxon signed-
rank test. Additionally, another PERMANOVA with the test 
of multivariate homogeneity of group dispersion (permutest.
betadisper) was run, to test whether shifting frontal association 
was followed by the change in the taxonomic composition of 
the GZ community.

RESULTS

Oceanographic Data
The three front-related zones differed significantly in terms of 
hydrological conditions (Figure 2). The central zone C, located 
between the AF and the PF, was characterized by the highest 
median temperature (5.13°C ± 1.45°C) and salinity (35.11 ± 
0.06) compared to the W and E zones (Figures 2A, B). The lowest 
median salinity was typical of zone E, which was located east 
of the PF (34.87 ± 0.07), while the lowest median temperature 
was recorded in zone W, west from the AF (1.40°C ± 1.54°C; 
Figures  2A, B). Uniformly shallow depths characterized the 
sites located within the eastern zone E, on the West Spitsbergen 
Shelf (166.5  m ± 126.0  m), while those scattered across zone 
C exemplified the largest variation in depth, with a median of 
1,110.0 m ± 1,954.0 m. The deepest sampling sites were found 
in the western zone W, within the Greenland Sea Gyre (2,815.0 
m ± 343.0 m). Overall, no significant differences in salinity or 
temperature were found between the zones belonging to the 
Arctic domain (zones W and E), but they did differ in terms of 
the average depth (Figure 2).

Considerable temporal variations of both the temperature 
and the salinity were detected during the studied period 
(Figure 3). Interannual differences in temperature and salinity 
were observed during the two anomalously Atlantic-influenced 
periods (2004–2006 and 2011-2014), when the warm water 
masses (>6°C) occupied the largest part of the investigated area 
and reached the furthest north. Noteworthy, comparatively 
elevated temperatures were also detected in 2009. The presence 
of the colder, less saline waters over the West Spitsbergen Shelf 
also varied in time, with their largest extent onto the shelf during 
years 2003 and 2010 (Figure 3). Notable interannual differences 
were also observed regarding the Atlantic water penetration 
of the Storfjorden Trough, with years 2005, 2008, and 2010 
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characterized by the weakest presence of the warmer water in 
the trough. The varying position of the isotherm 3°C, indicatory 
of the AF, showcased maximal eastward displacement of the 
front in years 2003, 2008, and 2011. The spatial distributions 
of salinity and temperature corresponded well with each other, 
corroborating that in the anomalously warm years, more saline 

waters reached further north, as exemplified by the extremely 
high salinity in the southern region, exceeding even 35.3 (years: 
2006, 2009, 2010, and 2013; Figure 3). Salinity distribution was 
also a good indicator of the extent of fresher, Arctic waters 
on the shelf, and these results agreed with the distribution 
of temperature. Additionally, the presence of the warm, but 

A B C

FIGURE 2 | Comparison of water salinity (A), temperature (B), and depth (C) between sites located in the three frontal zones (western W, blue; central C, red; and 
eastern E, green), with the results of the Kruskal–Wallis test and the p-value of the Dunn’s post-hoc pairwise comparisons. Gray dots represent outliers.

FIGURE 3 | Interannual (2003–2014) variation in temperature (two upper rows) and salinity (two lower rows) at 100 m ± 5 m, within the European Arctic.
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relatively fresh waters associated with the Norwegian Coastal 
Current could be inferred from Figure  3, as well as from 
Figure 2A, as evidenced by the presence of outliers.

Gelatinous Zooplankton Abundance
GZ were present in all of the 120 examined samples. Their 
abundance was relatively low, with a median of 0.176 ind.  
m−3 ± 1.133 ind. m−3 and varied significantly between the frontal 
zones (Kruskal–Wallis, χ2 = 37.846, p < 0.001), though upon 
further examination, significant difference was identified only 
between the frontal zones W and C (Figure 4A). Consistently 
small numbers of GZ were typical of the zone W, with a median 

abundance of 0.059 ind. m−3 ± 0.056 ind. m−3 (Figure  4A). A 
slightly higher abundance of gelatinous animals was found in 
zone E (0.235 ind. m−3 ± 0.558 ind. m−3), while the most abundant 
community characterized the area between the fronts, in zone C 
(0.392 ind. m−3 ± 2.458 ind. m−3). Although based on the visual 
examination, the abundance of GZ seemed to vary interannually 
(Figure  4B), statistical analysis failed to uncover significant 
differences between years (Kruskal–Wallis, χ2 = 17.808,  
p = 0.086). However, when the frontal zones were analyzed 
separately, significant variation was found in the temporal 
variation of the GZ abundance within zone C (Kruskal–Wallis, 
χ2 = 23.044, p = 0.018; Supplementary Material).

A B

FIGURE 4 | Differences in the abundance of gelatinous zooplankton. (A) Comparison of the average abundance between the three frontal zones (western W, blue; 
central C, red; and eastern E, green), with the results of statistical tests (Kruskal–Wallis followed by Dunn’s post hoc). (B) Interannual trend in the abundance within 
the frontal zones.

A B

FIGURE 5 | Front-related diversity of gelatinous zooplankton. (A) Species contribution to the gelatinous zooplankton diversity in the investigated frontal zones (W, 
western; C, central; and E, eastern), calculated based on the square root transformed data, with the 5× magnification of the portions of the middle bar highlighted 
in gray. (B) Comparison of Aglantha digitale median contribution [%] to the abundance of gelatinous zooplankton community in frontal zones, with the results of 
statistical tests (Kruskal–Wallis followed by Dunn’s post hoc).
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Gelatinous Zooplankton Diversity
Overall, fifteen taxa of the GZ were recorded throughout the study 
period (Figure  5C). The majority of these taxa were observed 
within the central zone C; however, these were mostly sporadic 
observations, with the most abundant species, A. digitale, 
comprising about 96% of all records. This species was found in 
all zones, with an average contribution to GZ abundance of ~67% 
in the frontal zone W, and ~56% in zone E (Figure  5A). The 
other taxa present in all zones were a siphonophore Dimophyes 
arctica (Chun, 1897) and a ctenophore Beroe spp. Interestingly, 
life-cycle stages (eudoxids and polygastric colonies) of D. arctica 
varied in their distribution between the zones, with no eudoxids 
found in the frontal zone W, and their numerical dominance 
(~5× times more abundant) over polygastric colonies in 
zones C and E. All the other siphonophore species identified 
in this study were restricted to the central zone C, while the 
other ctenophore species, Mertensia ovum (Fabricius, 1780), 
appeared both in frontal zones C and E. There were also some 
unidentified cydippid larvae, which occurred solely between the 
investigated oceanic fronts, in zone C. The only Narcomedusae 
species identified, Aeginopsis laurentii Brandt, 1838, was found 
exclusively in the frontal zone E, while no Anthomedusae were 
present there. Four species of Leptomedusae were identified, 
which, except for Melicertum octocostatum (M. Sars, 1835), were 
distributed only in the frontal zone C.

The emerging picture of species/life-cycle stage affinity to a 
particular frontal zone was corroborated with the analysis of 
association. M. ovum (IndVal.g = 0.661, p = 0.001) was found 
to be indicatory of the eastern frontal zone E, alongside A. 
laurentii (IndVal.g = 0.354, p = 0.065) and eudoxids of D. arctica  
(IndVal.g = 0.369, p = 0.081). Beroe spp. exemplified strong 
affinity to zone W, located west of the AF (IndVal.g = 0.487, p = 
0.044), while A. digitale was strongly associated with the central 
frontal zone C (IndVal.g = 0.833, p = 0.001).

Species composition of the GZ varied significantly between 
frontal zones (PERMANOVA, pseudo-F = 11.139, p = 0.003), 
and on the interannual scale (PERMANOVA, pseudo-F = 

1.843, p = 0.003). Surprisingly, significant variation in the GZ 
community was found also on an interannual scale, within each 
zone (two-way PERMANOVA, pseudo-F = 2.429, p = 0.003). 
The analysis of multivariate homogeneity of group dispersion 
(pseudo-F = 1.515, p = 0.076) indicated, however, that the 
significance of the two-way PERMANOVA might have resulted 
from the variation in data dispersion within the two-factorial 
(Year × Frontal zone) groups.

Drivers of Gelatinous Zooplankton 
Community
A modelling approach revealed that species composition of GZ 
was tightly coupled with temperature and depth gradients and 
reflected the frontal zonation resulting from the presence of the AF 
and PF (Figure 6). Marginal tests within the DistLM framework 
revealed statistically significant influence on the community 
structure of the following variables: latitude (pseudo-F = 6.750, 
p = 0.001), longitude (pseudo-F = 16.831, p = 0.001), depth 
(pseudo-F = 13.661, p = 0.001), temperature (pseudo-F = 
24.630, p = 0.001), and salinity (pseudo-F = 5.481, p = 0.002). 
However, when simultaneously incorporated to the model in the 
sequential test approach, only gradients of temperature (adjusted 
R2 = 0.166, p = 0.001) and depth (adjusted R2 = 0.176, p = 0.038) 
were found to significantly shape the community structure, 
with the explanatory power of 19% (Figure 6). Noteworthy, the 
addition of the remaining explanatory variables increased the 
explanatory power of the model to 21.1%, but this increment was 
not statistically significant.

Impact of Shifting Fronts on GZ
Changes in the positions of oceanic fronts were accompanied by 
thorough restructuring of the local GZ community. Whenever 
a site went from being within the Arctic domain (zone W or E) 
to the Atlantic domain (zone C) or vice versa, a significant shift 
in the taxonomic composition was detected (PERMANOVA, 

FIGURE 6 | Similarity of the gelatinous zooplankton community in the frontal zones (W—blue, C—red, and E—green) along environmental gradients resolved by 
distance-based redundancy analysis (dbRDA). Variables in bold were statistically significant according to the DistLM model.
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pseudo-F = 2.303, p = 0.043). Moreover, when the front relocated, 
the site previously found in the Arctic domain ended up within 
the Atlantic domain (zone C), then the more abundant community 
was typically found at that site (Figure 7A). Interestingly, the shift 
in the domain was concomitant with the increase of the proportion 
of A. digitale in the abundance of the GZ community (Figure 7B).

DISCUSSION

Taking advantage of the unique, 12-year-long, polar planktonic 
time series, we showed that the two passive fronts of the European 
Arctic, the AF and the PF, maintained a certain degree of 
distinctiveness of the GZ communities between the adjacent water 
masses. We have documented that changes in the front position, 
mediated by the varying strength of the Atlantic water advection, 
were followed by a shift in the GZ community composition and 
abundance, thus further supporting the notion of oceanic fronts 
acting as impermeable barriers for GZ exchange. In a broader 
context, such shifts were found to reflect the clear-cut differences 
between the GZ in the Atlantic and Arctic domains, adding to the 
growing body of literature on the possible ecological impacts of the 
Atlantification (reviewed in Csapó et al., 2021).

The generally low abundance of GZ (0.176 ind. m−3 ± 1.133 ind. 
m−3; Figure 4) detected in this study, with the higher GZ numbers 
documented in the warmer, Atlantic water side of the AF and PF, 
is consistent with other records from the European Arctic (Mańko 
et al., 2020) and elsewhere in the world (e.g., Haberlin et al., 2019). 
When the front separates the dynamic shelf water from a warmer 
offshore water, more abundant GZ is usually found on the offshore-
facing side of the front (Pagès et al., 1992). A plausible explanation 
is that the more stable, stratified oceanic waters provide a favorable 
condition for GZ to thrive (Pagès et al., 1992; Haberlin et al., 2019). 
However, epipelagic waters in the European Arctic, contrary to 
the remaining parts of the Arctic Ocean, are weakly stratified 
due to the increasing Atlantic water inflow (Polyakov et  al., 
2017; Polyakov et al., 2020), hence probably another mechanism 
underlies the GZ abundance pattern. Interestingly, an opposing 
GZ abundance distribution was described for the Mediterranean 

Sea, where the offshore water was numerically impoverished in GZ 
(Guerrero et al., 2016). Shelf waters are usually inhabited by the 
neritic taxa that exemplify a biphasic (polyp-medusae) life cycle, 
known to strongly relate to seasonality and local productivity (Gili 
et al., 1991), which could explain the atypical pattern of abundance 
found there. This points to the diversity of species as an important 
perspective for analyzing mesoscale patterns of GZ abundance 
distribution.

The two passive fronts of the investigated area have maintained 
distinct communities of the GZ (Figures 5, 6), in that a portion 
of taxa were unique for a particular frontal zone, but the few, 
most abundant ones, were common everywhere. Previous studies 
from the region arrived at a similar conclusion, like Descôteaux 
et  al. (2021) who found that only one-third of meroplankton 
were shared among both sides of the PF. In any other place in the 
world’s ocean, the presence of the same taxa on both sides of the 
front would lead to the conclusion of the GZ community exchange 
across the passive fronts. However, in the European Arctic, an 
alternative explanation exists that accounts for an intricate pattern 
of the Atlantic water circulation. North of 76°N, a considerable 
portion of Atlantic water from the western branch of the West 
Spitsbergen Current recirculates towards the west and south as a 
Return Atlantic Current, which eventually combines with Polar 
water of the East Greenland Current, to form Arctic water flowing 
within the Greenland Sea Gyre (Walczowski, 2014; Raj et  al., 
2019). Similarly, the branch of the West Spitsbergen Current that 
wraps around the northern coast of Svalbard branches off and 
enters the Barents Sea, where it feeds the East Spitsbergen Current 
(Lind and Ingvaldsen, 2012) that reaches the Arctic-facing side of 
the PF. The presence of Atlantic-origin water in the eastern (E) and 
western (W) zones could thus plausibly justify the appearance of 
a typically boreal or boreo-Arctic species, like A. digitale, within 
the Arctic domain, simultaneously supporting barrier effects of the 
fronts (Figure 5). Alternatively, the presence of transient, shallow 
eddies, known to occur along the AF (van Aken et al., 1995), could 
provide some support for the notion of partial GZ community 
exchange between zones W and C.

The remaining part of the similarity in the GZ community 
composition between the frontal zones can be attributed to a 

A B

FIGURE 7 | Modifications of the GZ community related to the shift in the front position. (A) Abundance of the GZ and (B) median proportion of Aglantha digitale 
[%] in the GZ abundance, on sites before and after the change in their affinity from the Arctic domain to the Atlantic domain, and vice versa, with the results of the 
Wilcoxon signed-rank test.
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puzzling taxonomy of the Arctic ctenophores. Their significant 
abundance detected here (Figure  5) is in line with a common 
assumption of their numerical dominance in the epipelagic GZ 
community of the Arctic (Raskoff et al., 2005; Purcell et al., 2010). 
In spite of that, the diversity of the Arctic ctenophores remains 
poorly resolved (e.g., Majaneva & Majaneva, 2013), mostly due 
to the inability to preserve their delicate bodies in the regular 
plankton samples. Therefore, our genus level records of Beroe 
spp. likely corresponded to more than one species, probably to 
the epipelagic B. cucumis and a deeper water species B. abyssicola 
(Raskoff et  al., 2010; Licandro et  al., 2015), hence justifying the 
presence of Beroe records in both zones W and E.

The overall number of species detected here is in line with 
previous works from the region (Zelickman, 1972; Mańko et al., 
2015; Mańko et al., 2020). The fact that the central zone C harbored 
the most diverse GZ community could potentially be attributed 
to the large spatial extent of this zone, which encompassed not 
only purely oceanic ecosystems, but also a shallow shelf region 
under the influence of the Norwegian Coastal Current (Figures 1, 
3). Therefore, the detection of meroplanktonic species (with 
benthic polyp phase) there is unsurprising, as they are known to 
numerically prevail in the shallower, coastal areas (Gili et al., 1991; 
Mańko et  al., 2020). Additionally, some authors argued that, in 
general, GZ communities are more diverse with the increasing 
oceanic influence (see Haberlin et al., 2019 and references therein), 
but this assumption does not align with the paucity of GZ taxa 
found in the frontal zone W (Figure 5).

The most abundant species, A. digitale, was found in all zones, 
but constituted the largest proportion of the GZ in zone C. This 
species has previously been attributed to waters of Atlantic 
origin (Mańko et al., 2020), and was found to be a key driver of 
dissimilarity between neritic and oceanic GZ communities in the 
Celtic Sea (Haberlin et  al., 2019). Likewise, we also found this 
species to be indicatory of zone C (IndVal.g = 0.833, p = 0.001). 
As for the remaining zones, the strongly associated species belong 
to Ctenophora, with Beroe spp. typical for the western zone W 
(IndVal.g = 0.487, p = 0.044) and M. ovum for the eastern zone 
E (IndVal.g = 0.661, p = 0.001). Interestingly, a similar set of 
indicatory species were found in previous studies of the local 
GZ community (Mańko et al., 2015; Mańko et al., 2020), hence 
strengthening the notion that spatial distribution of these three 
taxa should suffice to approximate the location of the polar fronts.

The community of GZ across the whole investigated area 
was structured mainly by depth and temperature (Figure  6). 
Proximity to the seabed is a key factor shaping the relative 
contribution of meroplanktonic to holoplanktonic cnidarian 
species, as the former are more common in shallower regions. 
Temperature, in turn, was advocated as a major driver of the 
GZ diversity (Guerrero et  al., 2018), and probably also their 
abundance (Purcell, 2005). Having found the same set of GZ 
community drivers, Luo et al. (2014) suggested that these drivers 
may have a controlling role in shaping the GZ community, with 
only a regulating effect of the front position. However, it must be 
noted that the work of Luo et al. (2014) pertained to a transient, 
salinity-related, mesoscale front; hence, their finding cannot be 
adequately extrapolated to the permanent, but spatially variable 
fronts of the European Arctic.

Temporal trends of the Atlantic water advection depicted 
in Figure  3 confirm that waters of the European Arctic are  
becoming noticeably warmer and more saline. The increase 
in Atlantic water inflow, in terms of both the heat content and 
the volume transported northwards (Ingvaldsen et  al., 2021), 
is inevitably followed by shifts in the position of the AF and 
PF that flank the Atlantic water (Figure 3). Their position may 
also vary with the tidal currents (the PF; Saloranta & Svendsen, 
2001), and large-scale atmospheric forcing, like the North 
Atlantic Oscillation (the AF; Schlichtholz & Goszczko, 2006; 
Walczowski, 2013), though conflicting results of the lack of 
the atmospheric forcing impact on the AF position also exist 
(Raj  et al., 2019).

The results of our analysis on the consequences of shifting 
position of the fronts for the GZ community (Figure  7) 
provided additional support for the barrier effect at the front. 
When a particular site switched its position relative to the front, 
a restructuring of the GZ community followed, which reflected 
the distinct abundance and diversity patterns associated with 
a given domain (Figure  7). In agreement with literature data 
(Drinkwater and Tande, 2014; Wassmann et al., 2015; Mańko 
et  al., 2020), we also showed that the Atlantic zooplankton 
community is far more abundant than that in the Arctic domain. 
An important observation is also that the extremely substantial 
proportion of A. digitale in the GZ community is a typical 
feature of the Atlantic-facing side of either front (Figures 7B, 
5B). The expansion of the Atlantic domain (Csapó et al., 2021), 
which could even reach the Arctic fjords (Weydmann-Zwolicka 
et  al., 2021), through increasing the abundance of A. digitale, 
and that of the other small-bodied zooplankton in the Arctic 
(Balazy et  al., 2018), may thus accelerate the restructuring of 
the local ecosystems (Ingvaldsen et al., 2021). Atlantification-
related shifts in the plankton composition have already been 
linked to the diet alterations of the planktivorous seabirds 
(Vihtakari et  al., 2018) and their foraging strategies (Jakubas 
et  al., 2017; Stempniewicz et  al., 2021). These shifts may also 
explain why the distribution ranges of more and more boreal 
fish species expand northwards (Haug et  al., 2017) or why 
the North Atlantic population of the right whale struggles to 
recover (Meyer-Gutbrod and Green, 2018).

Although our main conclusion on the role of passive 
fronts in maintaining distinct GZ communities appears to be 
supported by the presented results and their discussion, certain 
limitations of this study must be acknowledged. First, the 
relatively coarse spatial and vertical resolution of zooplankton 
sampling (Figure  1; Luo et  al., 2014) might have concealed 
some of the more intricate, fine patterns of the GZ distribution. 
For example, their patchiness (Trudnowska et al., 2016) at the 
mesoscale oceanographic features like the AF-associated eddies 
(diameter 40-60  km; van Aken et  al., 1995). Moreover, since 
both the AF and the PF undergo seasonal variation, confined 
to their surface layer (van Aken et al., 1995; Raj et al., 2019), 
we might have failed to capture the more dynamic situation of 
the GZ there. However, since the seasonal variation (at least in 
the case of the PF; Strzelewicz et  al., 2022) often leads to the 
formation of a strong density gradient in the upper 50  m of 
the water column (Strzelewicz et  al., 2022), then this should 
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only reinforce the barrier effect of the front. Despite these two 
limitations, our sampling framework was detailed enough to 
capture the large-scale pattern of the front-related structuring 
of the GZ diversity.

CONCLUSIONS

The two passive fronts of the European Arctic, the AF and the PF, 
maintained distinct GZ communities, which differed not only in 
their abundance, but also in their taxonomic composition. The 
community associated with the warmer and saltier Atlantic water 
was characterized by the overall higher abundance and diversity, 
but with a clear numerical dominance of a single species, A. digitale. 
In contrast, the colder Arctic water harbored less abundant and less 
diverse communities, which were readily identifiable by the largest 
proportion of ctenophores, with Beroe spp. for the Greenland 
Sea Gyre, west of the AF, and M. ovum for the West Spitsbergen 
Shelf, east of the PF. This adds to the growing body of literature 
that advocates the usage of GZ as hydrological indicators, but 
more importantly points to the potential direction of the Arctic 
ecosystems evolution, in the progressing Atlantification scenario.

Interannual shifts in the position of the fronts were coupled with 
the dynamics of Atlantic water inflow, which is flanked on both sides 
by the fronts. GZ was found to tightly follow the front relocations, 
in that if a particular site shifted its position relative to the front, 
from the Atlantic-facing side to the Arctic-facing side or vice versa, 
then a GZ community specific for a given domain appeared. Taking 
the intricate pattern of water circulation in the European Arctic into 
account, e.g., recirculating/return currents, the two passive fronts, 
the AF and the PF, appeared to provide a semi-impermeable barrier 
for the GZ community, with only a minor cross-frontal exchange.
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