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Understanding the ecology and population dynamics of Arctic appendicularians
is increasingly important as oceanographic and climatic conditions continue to
change in the high polar systems. Here, the adoption of sediment traps allowed
for efficient fixation and preservation of their soft bodies, and validated a
representative point sampling for these species regarding their patchy
distribution. This study investigates the temporal distribution, phenological
rhythms and oceanographic drivers affecting two appendicularian species,
Oikopleura (Vexillaria) vanhoeffeni and Fritillaria borealis in Kongsfjorden
(Svalbard), a high-Arctic fjord occasionally influenced by Atlantic Water (AW)
intrusions and variable sea ice conditions. Based on a time-series of sediment
trap samples from 2010 to 2023, O. vanhoeffeni was consistently present and
increased in occurrences after 2016. F. borealis, was not detected until 2017,
appeared episodically, likely as a non-resident species seasonally introduced into
the fjord. Temporal succession of the two species appeared to be influenced by
the combination of (i) seasonal variability of thermohaline conditions, (ii) glacial
meltwater influencing water mass structure, and (iii) turbidity fluctuations from
marine and continental inputs. Oikopleura vanhoeffeni exhibited a well-defined
annual cycle with juveniles appearing in autumn (post-reproductive phase),
growing through winter-spring, and maturing into reproductive adults by
summer. Growth during the polar night was primarily influenced by
hydrological conditions, whereas food availability became more important in
summer. In contrast, F. borealis showed a peak of adults in spring-summer and
juveniles in autumn-winter, indicating a reproductive phase following the spring
phytoplankton bloom. These findings contribute to understanding the ecology
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and population dynamics of Arctic appendicularians under shifting
oceanographic and climatic conditions, emphasizing their potential role as
sentinel species in a rapidly changing polar environment.

KEYWORDS

Oikopleura vanhoeffeni, Fritillaria borealis, sediment trap, time-series,
phenology, Kongsfjorden

1 Introduction

Appendicularia, also known as “larvaceans”, are ubiquitous,
solitary and free-swimming pelagic tunicates distributed in
estuarine, neritic and oceanic waters (Shiga, 1993a; Lindsay and
Williams, 2010; Kalarus and Panasiuk, 2021; Volkov, 2022). These
organisms live within gelatinous houses used for filtering water and
retaining a wide range of particles, from colloids to large
phytoplankton cells (Deibel, 1988; Urban et al., 1992; Acuia
et al., 2002; Brena et al., 2003; Capitanio et al., 2018; Giménez
et al., 2023; Deja, 2025). Almost all larvaceans are protandrous
hermaphrodites with a short generation time and a single
reproductive event through their life span (Shiga, 1976; Aguirre
et al., 2006; Choe and Deibel, 2011; Capitanio et al., 2018). They are
important components (1.6% of the total abundance) of the polar
zooplankton communities (Tsujimoto et al., 2006; Maekakuchi
et al., 2018), acting as food sources for key predators such as
cods, seabirds, and marine mammals (Eisner et al., 2014; Volkov,
2022). Moreover, they actively support deep-sea communities
through the vertical transport of materials, composed of fecal
pellets and their abandoned houses (Choe and Deibel, 2008;
Lindsay and Williams, 2010; Maekakuchi et al., 2018; Pettitt-
Wade et al., 2020; Panasiuk and Kalarus, 2021; Volkov, 2022;
Jaspers et al., 2023). Under favorable conditions, they can
produce extensive aggregations and it is expected that their
occurrence will increase as a consequence of climate change,
including in the Arctic Ocean (Pettitt-Wade et al., 2020;
Pantiukhin et al., 2024a). Thus, their ability to respond quickly to
environmental fluctuations makes them valuable indicators of
ecosystem shifts, especially in rapidly changing and challenging
Arctic environments (Hopcroft, 2005; Brotz et al., 2012; Panasiuk
and Kalarus, 2021).

The Svalbard archipelago represents a key observation area of
the Arctic for understanding the ecological responses of planktic
organisms to climate-driven transformations. Fjord systems in this
region, particularly Kongsfjorden, have emerged as climate hotspots
due to accelerated warming trends that exceed the global average by
more than fourfold, leading to significant sea ice retreat, increased
glacial meltwater input and altered hydrographic conditions
(D’Angelo et al., 2018; IPCC, 2019; De Rovere et al., 2022;
Rantanen et al.,, 2022; Pantiukhin et al,, 2024a). Additionally, the
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climate-related process of Atlantification, characterized by
increasing volumes of salt and heat associated with Atlantic
Water (AW) intrusions, has emerged as a critical driver of
environmental changes in the last decades (Tesi et al., 2021; De
Rovere et al., 2022, 2024; Hop et al., 2023). The resulting expansion
of open water areas, enhanced terrestrial runoff, and shifts in
phytoplankton composition are creating conditions that
particularly benefit filter-feeding appendicularians (Spinelli et al.,
2009; Franco et al., 2014; Deibel et al., 2017; D’Angelo et al., 2018,
2024; Panasiuk and Kalarus, 2021; Jaspers et al., 2023; Pantiukhin
et al,, 2024a, b).

Despite their ecological relevance and predicted increase under
future scenarios, knowledge on Arctic appendicularians remain
scarce due to their patchy distribution and delicate bodies that
complicate sampling efficiency, preservation and identification
(Swanberg and Bamstedt, 1991; Hopcroft, 2005; Brotz et al.,
2012). In addition, the strong seasonal and hydrological gradients
in these regions affect their occurrences and the lack of long-term
series of data make the identification of consistent ecological trends
challenging (Kalarus and Panasiuk, 2021; Panasiuk and Kalarus,
2021; Zaldua-Mendizabal et al., 2021; Pantiukhin et al., 2024a, b).

The present study analyzes a long-term dataset (2010-2023) of
Arctic larvaceans collected using an automatic sediment trap
moored in the inner Kongsfjorden, Svalbard Islands. Even with its
own limitations (Weydmann-Zwolicka et al., 2021), this collection
methodology is considered valid and offers a practical solution for
studying fragile gelatinous species, providing a reliable estimation of
their distribution and abundance in challenging environments
where traditional net sampling methods may be inefficient
(Gislason and Astthorsson, 1992; Seiler and Brandt, 1997;
Makabe et al., 2016; Atherden et al., 2024). Moreover, time-series
of sediment trap samples give valuable insights into the influence of
AW advection on Arctic zooplankton communities during polar
nights (Willis et al., 2008; D’Angelo et al., 2024) and represent
continuous measurements in logistically challenging regions.

In this study we test whether the temporal patterns of
larvaceans in Kongsfjorden are shaped by hydrological variability,
including water mass composition and variability, sea ice
occurrence and fluctuations in turbidity. Then, we test the
hypothesis that the population structure of larvaceans reflects
phenological rhythms driven by the same oceanographic drivers —
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hydrography, sea ice presence and turbidity — highlighting their role
in shaping the maturity stage distribution over time. By testing these
hypotheses, this study contributes to filling a key knowledge gap on
the role of larvaceans in Arctic marine ecosystems and their
potential as sensitive sentinels of climate-driven change in high-
latitude marine habitats.

2 Study area

The study was conducted in Kongsfjorden, located on the eastern
side of the Fram Strait, in the Svalbard archipelago (Figure 1A). This
region is influenced by two main currents: (i) the West Spitsbergen
Current (WSC, Figure 1B), which transports AW with significant
seasonal and interannual variability (Chatterjee et al.,, 2018; Muilwijk
et al., 2018; Raj et al., 2018; Wang et al., 2020; Bensi et al., 2025), and
(ii) the Spitsbergen Polar Current (SPC, Figure 1B), derived from the
East Spitsbergen Current (ESC, Figure 1B), which carries Arctic
Waters (ArW) (Nilsen et al., 2021; Bensi et al., 2025) and sea ice
(Tverberg et al., 2019) along the West Spitsbergen Shelf. Over recent
decades, AW intrusions into Kongsfjorden have become more
frequent, causing temperature and salinity anomalies, particularly
during winter, driven by wind reversal events and preconditioning
factors (Skogseth et al., 2020; De Rovere et al., 2022). The water mass
dynamics in Kongsfjorden (Figure 1C) are influenced by the
interaction between the SPC and WSC, glacial meltwaters and river

10.3389/fmars.2025.1664196

discharge, sea ice processes and local atmospheric circulation
(Stigebrandt, 2012; Cottier et al., 2007; De Rovere et al., 2024, De
Rovere et al., 2025).

Different water masses occupy the fjord seasonally, with cold
and relatively low-salinity waters appearing during the cold months
while warm and salty waters occupy the fjord during the warm ones
(Svendsen et al,, 2002; Cottier et al., 2005, 2010, De Rovere et al,
2022). In this study, we adopted the water mass classification from
De Rovere et al. (2022), considering: (i) cold and low-saline Arctic
Waters (ArW), (ii) warm and saline Atlantic waters (AW), (iii)
mixed waters (IW and TAW) derived from interactions between
ArW and AW, and (iv) water masses derived from local glacial
melting (LW and SW). In fact, the innermost part of the Kongsfjord
is influenced by the presence of three tidewater glaciers
(Conwaybreen, Kongsvegen, Kronebreen, Figure 1B).

Since 2010, the mooring “Dirigibile Italia” (MDI) is deployed at
78°54.815 N, 12°14.899 E (Figure 1A) at 100 m depth, and managed
by the National Research Council, Institute of Polar Sciences (CNR-
ISP), efficiently maintained in vertical position by the buoyancy
system (Aliani et al., 2016; D’Angelo et al., 2018; De Rovere et al.,
2022, 2024). The mooring was deployed in the inner part of
Kongsfjorden, where currents are extremely low throughout the
year (average 4.4 cm s, as reported by D’Angelo et al., 2018), The
MDI is equipped with several automatic sensors mounted along the
mooring chain acquiring oceanographic and biological data and
samples at different water depths. Two multiparametric probes
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(A) Location of the Svalbard Islands within the Arctic Ocean, highlighting the major ocean current circulations. (B) Svalbard Archipelago with the
location of Kongsfjorden (red square) on the northwestern coast of the main island (Spitsbergen) and the dominant oceanic currents in the area.
Acronyms are explained as follows: BIC, Bear Island Current; ESC, East Spitsbergen Current; NAC, North Atlantic Current; NAD, North Atlantic Drift;
SPC, South Polar Current; WSC, West Spitsbergen Current. (C) Kongsfjorden map with bathymetry, location of Mooring “Dirigibile Italia” (MDI) and
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(SBE16 plus) mounted at 30 and 90 m depths record thermohaline
properties and turbidity of the water column whereas the sediment
trap is positioned at 87 m depth.

3 Methods
3.1 Oceanographic data

The sampling interval of the two multiparametric probes varied
from 3 hours for the measurements at 30 m and 30 minutes for
those at 90 m depth. The higher number of oceanographic sensors
at 30 m required a broader sampling temporal resolution to allow
for a full annual cycle of data acquisition. Sampling intervals
changed through the long-term record due to technical failures of
sensors (SI1). In order to extend the observations, we have also used
the data collected from the AWIPEV underwater cabled
observatory from the year 2016 (temporal resolution of 1 hour)
located in 12 m water depth (Fischer et al,, 2018, 2019, 2021, 2022,
2024). This dataset is useful to extend the observation of the
physical processes in another site inside the Kongsfjord near the
MDI mooring (approximately 6 km west) at shallower depth
(12 m). The type of water mass present during the opening
intervals of the sediment traps at the two different depths is
determined based on thermohaline records. The frequency of
water masses occupying the fjord was calculated from the number
of events counted in each sampling interval of the sediment trap.

Moreover, the mean values of turbidity, salinity, and
temperature are calculated for each trap opening interval.
Data recorded from the SBE16 plus data at 30 and 90 m are
managed following FAIR principles and are freely available at the
Italian Arctic Data Center (Paladini et al., 2024a; Paladini et
al,, 2024b).

The presence of sea ice in the area was visually interpreted from
satellite imagery (Skogseth et al., 2020) and photographic records
(Gerland et al., 2022) to qualitatively assess bay openness. For this
study, we adopted a simplified binary scheme using the two end-
member categories - open water (value = 0) and sea ice presence
(value = 1) - to derive a general coverage index for the MDI site. The
choice of a binary code was related to the impossibility of
extrapolating continuous and qualitative values for sea ice
coverage from photographic and satellite datasets.

3.2 Larvacean sampling and data
processing

Sinking particles and zooplankton were collected from 11
September 2010 to 16 June 2023 using an automated Technicap
sediment trap (model PPS4/3, 12-24 cups, 0.05 m? collecting area,
ongoing activity) tethered at 87 m water depth. The cups were pre-
filled with a buffered solution of 5% formaldehyde to better preserve
the organic matter and the rotation intervals varied during the years
between 7 days to 3 months (SI1). The sampling resolution varied
across years due to technical failures. The mooring has been
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serviced annually to replace the sampling cups and carry out
regular maintenance of the instrumentation.

Sediment trap samples were processed at the CNR-ISP in
Bologna, Italy. Following Chiarini et al. (2013), samples were
rinsed with prefiltered Arctic seawater through a 500 pm sieve to
separate sinking particles from larger swimmers. The retained
fraction on the sieve was manually inspected under a ZEISS
Discovery V8 stereomicroscope, and all swimmers were picked,
identified, and counted (Giordano et al., 2025). In addition, the
material that passed through the 500 um sieve was briefly examined
under the microscope to recover any smaller swimmers that had
escaped the mesh, which were subsequently reintegrated into the
sample. This protocol ensured that 100% of the swimmers collected
in each cup over the sampling interval were accounted for.

Larvaceans were recognized and classified according to the World
Register of Marine Species (WoRMS, https://www.marinespecies.org).
The total abundances were standardized with sediment trap
collecting areas (m?) and trap opening intervals (d), being
expressed as flux:

Larvacean flux = 7ind.
m2x d!

Photos of each specimen were taken to obtain morphometric
data related to trunk and tail lengths and widths. Then, average
values of morphometric data were calculated for each season in
order to quantify and describe the life stage composition and
phenological cycles for both species. Life stages (juvenile and
adult) were assessed based on gonadal development and overall
body size, following published references (Deibel et al., 1992; Shiga,
1993b; Presta et al., 2015). Phenological rhythms were characterized
across the four seasons: winter (December-January-February, DJF),
spring (March-April-May, MAM), summer (June-July-August, JJA)
and autumn (September-October-November, SON).

3.3 Statistics

We adopted a multivariate statistics approach to analyze
temporal variations of larvacean fluxes using R software. A matrix
of similarities was calculated from the fluxes estimating the Bray-
Curtis index, then we ran PERMANOVA to test differences in
larvacean fluxes throughout the long-term series. A Pearson
correlation test between species fluxes was performed and the
intensity of the relationship followed the scale of Gimeénez et al.
(2023), adopting a level of significance threshold (p) was set p<0.05.

The relationship between larvacean fluxes and environmental
variables (i.e., water temperature and salinity at 30 m and 90 m
depths, sea ice presence) was tested with a Generalized-Additive
Model (GAM) using the package “mgcv”. To address over
distribution in the data, different distributions were selected: a
Quasi-Poisson family for Oikopleuridae, and a negative binomial
family for Fritillaridae. The choice of regression families was driven
by distributional characteristics of species-specific flux data.
For Oikopleuridae, the Quasi-Poisson regression was appropriate
as it accounted well for moderate overdispersion in the data. In
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contrast, Fritillaridae flux data exhibited a higher degree of
overdispersion, consequently a Negative Binomial regression was
preferred to better model the variance structure and provide more
reliable estimates. The attempted use of Quasi-Poisson regression
for Fritillaridae flux resulted in poor model fit, justifying the
adoption of the Negative Binomial distribution family.

Sea ice presence was included in the model as a binary
categorical variable and treated as a parametric term. Therefore,
its influence on larvacean fluxes was interpreted relative to the
intercept, which represents the logarithm of the expected average
flux (n) under ice-free conditions. Summarizing, the GAM model
equation will be defined as:

log(p) =By + B + sGTEMP) + s(iSAL) + s(bTEMP)

+ s(bSAL) (1.1)

where log(y) is the logarithmic average of larvacean flux
distribution (), 83 is the intercept, 83; is the linear effect of sea ice
presence, sSATEMP) and s(iSAL) are the predicted effects of temperature
and salinity at 30 m depth and, similarly, s(c6TEMP) and s(bSAL) for
continuous temperature and salinity data at 90 m depth.

To better interpret the model, it is useful to understand the
behavior of Equation 1.1 under different conditions of sea ice. In
ice-free conditions, the sea ice term is 3; = 0, therefore the expected
larvacean flux () depends only on hydrological conditions at
different depths.

log(p) = BBy + sGTEMP) + s(iSAL) + s(bTEMP) + s(bSAL) (1.2)

In ice-covered conditions, the sea ice effect becomes active and
expressed by the term 3;#0, manifesting an additive effect on the
expected larvacean flux (Equation 1.1). A cross-correlation analysis
was conducted to examine the role of turbidity in driving species
occurrences, with the aim of identifying potential lag-intervals
between highest turbidity levels and appendicularian peaks.

Biometric analyses were conducted exclusively on well-
preserved and complete specimens. Given the high variability in
the data, the non-parametric Kruskall-Wallis test was applied to
assess seasonal and inter-annual variations in trunk and tail lengths,
using a significance threshold of p<0.05. When significant
differences were detected, Dunn’s post-hoc test was performed to
identify specific pairwise comparisons. Finally, Equations 1.1 and
(1.2) were adapted to investigate the relationship between larvacean
body size and hydrological variables under different sea ice
conditions. In this case, as data overdispersion was less
pronounced, we adopted a Quasi-Poisson family distribution for
both Oikopleuridae and Fritillaridae biometric traits.

4 Results

4.1 Hydrography and water mass
characterization

CTD data collected at both 30 m (iTEMP and iSAL, from May
29, 2016) and 90 m (bTEMP and bSAL, since September 2010)
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confirmed the high seasonal variability described by previous works
(Cottier et al., 2005, 2010; De Rovere et al., 2022, 2024).

The iTEMP ranged from -1.70 + 3.29 °C during the coldest
period (January-April 2020) to 6.72 + 0.28 °C in the warmest period
(15-31 August, 2022), while iSAL varied between 33.1 and 34.9,
with the lowest value recorded between September 9 and 15, 2021,
and the highest in April 2017. Similarly, bTEMP showed a
minimum of -1.64 + 0.12 °C in February 2011 and a maximum
of 5.51 + 0.22 °C in October 2017, with salinity fluctuating between
33.78 + 0.02 (August 27 and September 4, 2013) and 35.05 + 0.02
(May 26 to June 16, 2016).

The characterization of water masses at 30 m depth (Figure 2B)
revealed a cyclic pattern, with Surface Water (SW) dominating
during the summer-autumn period (June-November) and ArW
prevailing in winter-spring (December-May). However, sporadic
incursions of AW were observed in the summer months,
particularly between June and September 2017 (Figure 2B). To
compensate for sampling gaps at 30 m, we incorporated CTD and
turbidity data collected by the AWIPEV station near the fjord
mouth, at 12 m depth (Figure 2A). The comparison revealed a
strong correspondence between water mass types and turbidity at
both 12 m and 30 m depths. Therefore, we consider the CTD data
collected at 30 m representative of surface water mass
characteristics in inner Kongsfjorden.

At 90 m depth, ArW mainly dominated from September
2010 to June 2014, after which AW appeared and persisted
until September 2019 (Figure 2C). Deep ArW was again
observed in 2015, 2018, 2019 becoming the dominant water
mass, and it resumed its dominance from December 2019
onward (Figure 2C).

4.2 Turbidity

Turbidity data acquisition began in July 2018 (Figure 2B). The
lowest average value was recorded in early February 2023 (0.48 +
0.12 FTU) while the highest average peak (23.60 + 1.72 FTU)
occurred in early August 2021 (SI1).

Turbidity levels exhibited a clear seasonal pattern, with higher
values occurring during the summer-autumn period and lower
levels in winter-spring months, mainly driven by the advection of
glacial meltwater in the MDI region (Figure 2B).

4.3 Sea ice observations

Sea ice presence followed a consistent seasonal cycle throughout
the monitoring period: (i) ice-covered conditions prevailed from
November to May (grey bands, Figure 3), while open waters were
dominant from June to September (white bands, Figure 3).
Exceptions were observed in summer 2017 and 2018, when
floating ice masses were still present (Figure 3). Overall,
Kongsfjorden is typically ice-free during summer, with sea ice
forming in autumn and winter and persisting through the spring
months (Figure 3).

frontiersin.org


https://doi.org/10.3389/fmars.2025.1664196
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Nicolai et al. 10.3389/fmars.2025.1664196
= -12m
*®
P
2]
R
=]
g,
. - S
Arctic ocean s
Z o
>
I ; O ® S 2 o
T TAW vm‘i\\ ge"\\ @‘ﬂ\\ ﬁe“\\ @‘ﬁ ﬁo“\\ 9‘3‘3\\ ﬁo“\\ @‘ﬁ\m $°4\’14 @ﬁ $°4\"‘ @\‘3’3\% 4\'!4 g\‘a’i\m
- 30 m depth
W Aw b - p 30
ArW ® 20 £
SW g < 10
g 5 % a,
v El 5
- & - 4 %
—— Turbidity = S 2 &
+ ¢ Oikopleura v. flux z ) 0 =
S
® o FKritillaria b. flux
) N N AY AY L D
C ‘a‘i\\ 4\\ g\\ 4\\ s\\ 4\\ i\\ 4\\ g\q’ 4\1‘ \7‘ 4\1‘ \’1‘ 4\7‘ %\7‘
- N N R S SN S
30 =
= . u2
307 & 0z
201 22 [
0] = 8¢
@ g
o4l & ' 0 7 4
E - 0 * 2 3
21 2 9 ~ / ‘lf\) ’ |] ' { 0
“ |
0 = ! . | I
) 5 L3 ) D
$o“\\ ﬁ‘ﬂ\‘ ﬁo“\‘ “\ﬁ\\ $o“\\ @\‘ﬁ\ $o‘\‘ ﬂw’i\\ 6”1\\ ﬂ\ﬁ\ ﬁo“\\ “\a‘!\\ $o“\\ ﬁ‘ﬂ\‘ §o“\‘ ﬂ\ﬁ\ $°<\\ ““a‘!\\ go"\\ ﬂw‘\m $o’1n‘ N‘ﬁn ﬁo“n v\ﬁ\m ﬁ‘]\’l‘ “\v!\m
FIGURE 2

Water mass characterization in the Kongsfjord at 12 m (A), based on the AWIPEV underwater observatory, and at 30 m (B) and 90 m (C) depths from
the MDI. Acronyms are defined as follows: FTU, Formazin Turbidity Unit; WM Frequency, Water Mass Frequency; IW, Intermediate Water; TAW,
Transformed Atlantic Water; AW, Atlantic Water; ArW, Arctic Water; SW, Surface Water; LW, Local Water.

4.4 Long-term records of Arctic larvaceans

Two Appendicularia species, O. vanhoeffeni (Lohmann, 1896)
and F. borealis (Lohmann, 1896), were identified during the
monitoring period (2010-2023) in MDI, inner Kongsfjorden.

Oikopleura vanhoeffeni fluxes were generally low from 2010 to
2016 (<8 ind. m2d™, except for January 2011) and reached the peak
between November 1 and 16, 2021 (Figure 4A). The species
produced four main peaks during winter 2011, 2020, 2021 and
2023 (215 ind. m? d'), with the highest estimated flux between
October and December 2021 (SI1). F. borealis was absent in our
samples before July 2017 (1 ind. m™ d’!, Figure 4B), and the highest
flux (6 ind. m? d™) occurred in May-June 2023 (SI1). Nevertheless,
sporadic individuals (< 3 ind. m? d") were collected in the same
months during 2020 and 2021 (Figure 4B). No overlap occurred for
the species distribution throughout the time series, except for
August 2021, October 2022, and between December 2022 and
February 2023 (Figure 4). From our data, O. vanhoeffeni fluxes
are about 5 times higher than F. borealis.

PERMANOVA results confirmed statistically significant
differences for the occurrence of polar larvaceans (pseudo-F=22.2,
p =
appeared insignificant (rg = 0.02, p > 0.05).

0.001) in Kongsfjorden. The correlation between species
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4.5 Relationships between larvaceans and
hydrology

The GAM model on the entire time series for O. vanhoeffeni flux
employed a Quasi-Poisson regression to account for data
overdispersion, explaining the 63.8% of the variance and capturing
the 73.4% of the system deviance (Table 1). Therefore, this model for O.
vanhoeffeni explained a substantial portion of the system deviance,
indicating a strong fit and suggesting that the selected environmental
predictors effectively capture the main drivers of species flux variability.

Sea ice absence was associated with a lower average predicted flux
(1.36 ind. m 2 d™) compared to sea ice presence (2.00 ind. m? d ™), with
high statistical significance (p<0.001, Table 1). Among hydrological
variables, iSAL exhibited a strong and linear relationship (F = 17.32,
p<0.001, Figure 5A) with O. vanhoeffeni flux, while bSAL showed a
significant but nonlinear effect (F = 6.56, p<0.001, Figure 5B). Similarly,
both iTEMP and bTEMP influenced species flux through nonlinear
trends (Figures 5C, D), with high F-values and strong significance
(Table 1). Notably, iSAL values above 34.4 PSU were associated with an
increase in the O. vanhoeffeni fluxes, whereas bSAL values exceeding
34.8 PSU had a negative predicted effect. O. vanhoeffeni flux appeared
sensitive to narrow temperature ranges: iTEMP below 2.5 °C and above
5.0 °C were linked to reduced flux, indicating a limited thermal
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FIGURE 3

Sea ice observations from the mountain Zeppelinfiellet (Svalbard) during the

period 2010-2023 (data source: Norwegian Polar Institute), shown in

relation to vertical fluxes of (A) Oikopleura vanhoeffeni (blue line) and (B) Fritillaria borealis (red line). White bands indicate periods dominated by
open waters (sea ice=0), whereas light blue ones represent the occurrence of various sea ice conditions (sea ice =1).

tolerance. Positive estimated effects were observed at bTEMP between
~1 - 2.2 °C and above 4.0 °C.

In contrast, the GAM model for F. borealis performed
better using a Negative Binomial regression, explaining the
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33.6% of the variance and the 53.3% of the system deviance
(Table 1), providing moderate and valuable insights into the
ecological responses of the species in a highly variable
Arctic environment.
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Heatmaps for multi-year flux intensities of (A) Oikopleura vanhoeffeni and (B) Fritillaria borealis. The flux intensity is expressed as ind. m™ d™%. Grey

cells reflect missing data.
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Unlike O. vanhoeffeni, neither sea ice nor hydrological variables
showed statistically significant effects on F. borealis flux, as
indicated by the low F-values and non-significant p-values
(Table 1). Despite sea ice presence was associated with a higher
average predicted flux (0.41 ind. m™> d7) rather than ice-free
conditions (0.12 ind. m™ d'), there is no statistical significance (p
=0.2, Table 1). Nonetheless, some trends emerged. iSAL (Figure 5E)
and iTEMP (Figure 5G) were associated with linear increases in flux
(Table 1), while bSAL (Figure 5F) followed a parabolic pattern and
bTEMP (Figure 5H) exhibited a more complex nonlinear response.
Specifically, positive flux responses were observed for iSAL>34.4
PSU and iTEMP>2.5 °C. Similarly, bSAL between 34.6-34.9 PSU
and bTEMP of 1-2 °C or above 4 °C were also associated with
increased F. borealis flux.

The cross-correlation between O. vanhoeffeni flux and turbidity
has been performed starting from evident correspondences between
species occurrence, surface water characteristics and turbidity
fluctuations (Figure 2). Results have shown a significant
relationship (R = 0.68, p<0.05) between the species flux and
turbidity, with a temporal delay of about 1 month between the
peak of turbidity and the O. vanhoeffeni flux peak.

TABLE 1 GAM outputs for larvacean fluxes in relation to hydrological data.

10.3389/fmars.2025.1664196

4.6 Population composition and biometric
analysis

4.6.1 Oikopleura vanhoeffeni

The population of O. vanhoeffeni comprised 457 individuals,
although 97 were not identified due to their advanced degradation
state. In the entire time series, juveniles dominated the population
(n=300, Figure 6A) whereas mature adults were scarce (n=60,
Figure 6A). The distribution of life stages across seasons
(Figure 6B) revealed that adults dominated in summer, and
juveniles from autumn to winter; both life stages appeared in
similar percentages during spring (Figure 6B).

Trunk lengths in juveniles were in the range 0.19 - 2.2 mm,
whereas adult ones were between 0.59 and 3.17 mm (Figure 6C).
Across seasons, the smallest juveniles occurred in autumn (0.19-1.64
mm) and the biggest ones in winter-spring (0.24-2.2 mm, Figure 6D).
Mature adults with the large trunk lengths (~ 3 mm) occurred in all
seasons except spring (0.95-2.35 mm; Figure 6D), and the highest
measured value of 3.17 mm came from a specimen in summer.

Juvenile tail lengths on the temporal series ranged between 0.54
- 8.94 mm, whereas adult tail lengths were between 2.57 to 14.5 mm

Link function Formula Adjusted R> Deviance explained
o Oikopleura_flux ~ sG(TEMP) + s(bTEMP) + s(iSAL) + s
-P L .64 49
Quasi-Poisson 0g (bSAL) + Sea ice 0.6 73.4%
Fritillaria_flux ~ s(TEMP TEMP iSAL
Negative Binomial Log rtllaria_flux ~ (ITEMF) + s(GTEMF) + s(iSAL) + s 0.34 53.3%
(bSAL) + Sea ice
Component Term Estimate Std error t-value p-value
Parametric coefficients
Intercept -1.34 0.46 -2.9 <.001***
Oikopleura (Vexillaria) vanhoeffeni
Sea ice 0.73 0.26 2.8 <.001**
Intercept -3.67 0.86 -4.24 <001
Fritillaria borealis
Sea ice 1.22 0.95 1.29 0.2
Smooth terms Edf Ref df F-value p-value
s(iTEMP) 3.96 491 4.89 <.001**
s(bTEMP) 4.35 5.37 4.68 <.001**
Oikopleura (Vexillaria) vanhoeffeni
s(iSAL) 3.73 4.54 6.56 <.001*
s(bSAL) 1.00 1.00 17.32 <.001**
S(iTEMP) 3.82 4.74 8.06 0.13
s(bTEMP) 1.00 1.00 1.19 0.28
Fritillaria borealis
s(iSAL) 2.05 2.57 3.14 0.29
s(bSAL) 1.00 1.00 3.47 0.06

The goodness of the model is estimated through the adjusted R* and the deviance explained. The intensity of each variable in explaining the larvacean fluxes is estimated through the F-value,
whereas asterisks (*) show the significance of the relationship, and their numbers express the intensity of the relationship. Acronyms are explained as follows. Edf, effective degrees of freedom; Ref
df, reference degrees of freedom; iTEMP, temperature at 30 m; bTEMP, temperature at 90 m; iSAL, salinity at 30 m; bSAL, salinity at 90 m.
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FIGURE 5

Predicted fluxes of O. vanhoeffeni (Quasi-Poisson model) and F. borealis (Negative Binomial model) in relation to salinity levels at 30 m (A, E), and 87
m (B, F) depths, water temperatures at 30 m (C, G) and 87 m (D, H). Asterisks (***) explain the significance of the relationships. Water masses
acronyms are indicated as follows. ArW, Arctic Water; LW, Local Water; SW, Surface Water; IW, Intermediate Water; TAW, Transformed Atlantic
Water; AW, Atlantic Water.

(Figure 6E). At the seasonal scale, the shortest tail lengths for Kruskall-Wallis tests conducted on the complete dataset
juveniles appeared in autumn and winter, whereas the biggest ones  revealed significant differences in both trunk and tail lengths of
occurred in spring-summer (Figure 6F). Generally, adults displayed  juveniles collected in 2010 compared to those in 2011, and also
the longest tails in summer and autumn, whereas the shortest ones  between 2010 and 2021 (Table 2). Similarly, adult trunk lengths in
occurred in winter and spring (Figure 6F). 2021 and 2023 were statistically difterent (Table 2). On the seasonal
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FIGURE 6

Life stage composition and biometric data visualization for O. vanhoeffeni population sampled in Kongsfjorden during 2010-2023, and distinguished
across seasons. Life stage percentage composition in (A) the period 2010-2023 and (B) across seasons. Trunk lengths (C, D) and tail lengths (E, F) of
each life stage through the long-term series (C, E) and between seasons (D, F). Red dots show outliers of body measure distribution. A, autumn

(SON); W, winter (DJF); Sp. spring (MAM); S, summer (JJA).

4.6.2 Fritillaria borealis
The population of F. borealis was composed of a pool of 44

trapped individuals throughout the entire long-term record, but 3 of

scale, the test showed relevant differences in the biometry of
juveniles collected between autumn-summer, and between

summer-winter (Table 2).
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TABLE 2 Kruskall-Wallis results and Dunn'’s post-hoc comparisons on biometric data of Oikopleura vanhoeffeni across years and seasons for all life
stages.

Biometric Chi- Significant Pairwise comparisons
Factor : . :
variable squared differences (Dunn'’s post-hoc)
Juveniles Trunk length 10 37.1 <.0017%* Very high 2010 vs 2011%, 2010 vs 2021%
Tail length 10 27.6 <.01** High
Year
Adults Trunk length 8 20.1 <.01** High 2021 vs 2023*
Tail length 8 18.4 <.05% Low-mid
Trunk length 3 16.0 <.001%%* Very high A vs §*, S vs W*
Juveniles
Tail length 3 25.6 <.001%* Very high A vs §%, S vs W*
Season
Trunk length 3 5.9 0.11 None
Adults
Tail length 3 3.1 0.38 None

Asterisks (*) indicates the level of significance: low-mid (*), mid-high (**) and very high (***). A: autumn (SON), W: winter (DJF), Sp: spring (MAM), S: summer (JJA).

them were highly degraded and impossible to identify. Adults  predicted for all variables except iTEMP (SI2). Positive growth
(n=30) dominated the population along the time series, followed  effects were associated with iSAL values between 33.8 and 34.4 PSU.
by a small juvenile cohort (n=10, Figure 7A). The seasonal life stage ~ Positive relationships were also observed with bSAL in the ranges
composition revealed a dominance of adult stages throughout the  34.5-34.7 PSU and 34.8-35.0 PSU, as well as bTEMP below 4 °
seasons, except for autumn (n=2) and winter (n=1), whereas  C (SI2).
juveniles were not trapped in summer (Figure 7B). The GAM model for F. borealis biometric data (SI3), also run
Estimated trunk length in juveniles along the entire series  with a Quasi-Poisson regression, explained substantial variance and
ranged between 0.28-0.97 mm, while adult ones were 1.02-1.96  deviance for trunk lengths (58.7% and 66.6%, respectively), but less
mm (Figure 7C). On the seasonal scale, juveniles with the smallest  so for tail lengths (19.1% and 34.8%). Presence of sea ice was
trunk lengths appeared in spring (0.28-0.97 mm) and the biggest  associated with generally higher predicted trunk lengths (1.28 mm)
ones (0.75-0.84 mm) generally occurred in autumn (Figure 7D).  than open water conditions (1.13 mm), whereas predicted tail
Adult trunk lengths showed biggest specimens occurring in spring-  lengths were similar (~0.35 mm) across conditions, with no
summer (1.02-1.96 mm) and smallest ones during the autumn-  statistical significance (SI3). While linear relationships were
winter (1.04-1.21 mm) period (Figure 7D). predicted between trunk lengths and environmental variables,
Tail lengths on the entire time series (Figure 7E) for juveniles  only bSAL showed a significant effect (F = 21.3, p<0.001) for
ranged in 0.10-0.52 mm, whereas adult ones were slightly longer =~ values above 34.8 PSU (SI3). No significant hydrological
(0.13-0.58 mm). Seasonal tail lengths (Figure 7F) of juveniles  predictors were found on tail lengths (SI3).
displayed shortest values in spring (0.10-0.34 mm) and longest
ones in winter (0.15-0.52 mm). On the other hand, adults with
short tails appeared in autumn (0.25-0.37 mm), while the range 5 Discussion
intervals were similar throughout the other seasons (Figure 7f).
Kruskall-Wallis results on the entire time series revealed 5.1 Interannual distribution of Arctic
significant differences in tail lengths of juveniles, whereas larvaceans
significant differences were estimated in adult trunk lengths (Table 3).
Our results reveal two distinct temporal clusters in the long-
term distribution of larvaceans in Kongsfjorden, corresponding to a
47 Hydrological influence on larvacean major oceanographic shift: from a warm, AW-influenced regime
bOdy size beginning in 2010 and peaking in 2017, to a cooling trend starting
in 2018, signaling a return to more Arctic-like conditions (Figure 2;
The GAM model for O. vanhoeffeni, based on a Quasi-Poisson ~ De Rovere et al., 2022). While De Rovere et al. (2022) explain the
regression, revealed a non-linear pattern of hydrological influence  event of 2016-2017 as a consequence of anomalous Atlantic
on individual sizes (SI2). The model explained a large portion of the ~ windstorms intruding AW in the Arctic, recent findings by Dey
variance for both trunk and tail lengths (68.1% and 69.3% et al. (2024) suggest that AW intruding in Kongsfjorden in 2016-
respectively), accounting for similarly high percentages of system 2017 could follow the strengthening and weakening of the Atlantic-
deviance (68.7% and 67.4%). Ice-free conditions were associated ~ Meridional Overturning Circulation (AMOC). The increasing AW
with significantly longer average trunk (0.89 mm) and tail intrusion and loss of sea ice in the Arctic are altering the Arctic
(3.96 mm) lengths compared to ice-covered conditions (0.63 and  dense water formation zones, which are the motive force of the
2.95 mm, respectively; p<0.05, SI2). Significant effects were =~ AMOC (Wake, 2025).
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FIGURE 7

Life stage composition and median biometric data of F. borealis individuals trapped in Kongsfjorden during the period 2010-2023. Percentage
population composition across (A) the entire time series and (B) seasons. Boxplots showing trunk (C, D) and tail (E, F) length distributions of life
stages through the period 2010-2023 (C, E) and between seasons (D, F). A, autumn (SON); W, winter (DJF); Sp, spring (MAM); S, summer (JJA).

Between 2010 and 2016, O. vanhoeffeni was generally scarce and
F. borealis was absent, as also observed by D’Angelo et al. (2024). A

notable exception occurred in 2011, when O. vanhoeffeni peaked

extraordinarily, coinciding with the sinking of cold and salty waters
to the bottom (D’Angelo et al, 2024) and the highest sea ice
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coverage recorded during the entire time series (Figure 3;
Tverberg et al., 2019; Gerland et al., 2022).

From 2017 to 2023, however, both species increase in
occurrence, responding to the reappearance of Surface Waters
(SW) in shallower depths and Intermediate Waters (IW) near the

frontiersin.org


https://doi.org/10.3389/fmars.2025.1664196
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Nicolai et al.

10.3389/fmars.2025.1664196

TABLE 3 Kruskall-Wallis results for biometric data of F. borealis across years and seasons.

Pairwise comparisons
(Dunn'’s post-hoc)

Significant differences

. . . Chi-
Factor Biometric variable = df
squared
Juveniles Trunk length 2 4.4
Tail length 2 6.9
Year
Adults Trunk length 4 29
Tail length 4 5.4
Trunk length 2 1.2
Juveniles
Tail length 2 34
Season
Trunk length 3 13.1
Adults
Tail length 3 5.6

Asterisks (*) indicates the level of significance: low-mid (*), mid-high (**) and very high (***).

bottom (Figure 2), and to the renewed sea ice coverage (Figure 3). In
particular, the increased frequency of IW since 2019 (Figure 2) has
overlapped with the rise of O. vanhoeffeni (Figure 4a), reinforcing its
high affinity for water masses produced by mixing processes
between glacial meltwaters, ArW and AW (Svendsen et al., 2002;
Tverberg et al., 2019; De Rovere et al., 2022). Its occurrence during
ice-covered periods or shortly after ice retreat (Figure 3A) further
supports its cryophilic nature. F. borealis appeared from mid-July
2017 and during the summers of 2019, 2020, 2021 and 2023, albeit
with low flux intensity (Figure 4B). This is consistent with earlier
studies showing low occurrences of this species in the inner fjord
using traditional nets (Walkusz et al., 2009; Kwasniewski and
Ronowicz, 2025). Since 2020, the species has been restricted to
May-June, likely corresponding to the intrusion of saltier
Transformed Atlantic Waters (TAW) and AW; however, some
specimens appeared in December 2022-February 2023 when a brief
increase in TAW was registered (Figure 2).

Overall, the multi-annual distribution of larvaceans in
Kongsfjorden appears to be strongly influenced by local
hydrological dynamics and sea ice variability. O. vanhoeffeni
appears to benefit from cooler and fresher regimes and increased
frequency of SW and IW, F. borealis responds positively to warmer
and saltier TAW and AW intrusions. These species may thus serve
as biological indicators of the alternating dominance between
Arctic-like and Atlantic-type conditions, each responding through
distinct patterns of occurrence and distribution.

5.2 Seasonal succession and niche
separation of Arctic larvaceans in response
to short-term oceanographic variability

Beyond interannual variability, our data also reveal a clear
seasonal succession of polar Appendicularia. Notably, no
significant correlation was found between O. vanhoeffeni and
F. borealis, supporting the idea that these species occupy distinct
ecological niches and do not compete during their rare periods of
co-occurrence in spring and summer (Figure 4).
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0.11 None
<.05* Low-mid
0.57 High

0.25 Low-mid
0.56 Very high
0.14 Very high
0.01** Mid-high
0.13 None

O. vanhoeffeni mainly occurred from late autumn to winter,
with peaks between November and January, whereas F. borealis
appeared from spring to late summer, typically peaking in May-
June. These findings align with previous observations in
Kongsfjorden and the Fram Strait (Blachowiak-Samolyk et al.,
2007; Lischka and Hagen, 2016), despite Oikopleuridae in the
fjord having been observed also in July (Lischka and Hagen, 20165
Hop et al, 2019), suggesting some variability in their seasonal
occurrence. In contrast, in the Canadian Arctic, O. vanhoeffeni
peaks later (spring to early summer), followed by F. borealis into
September, while O. labradoriensis dominates in autumn (Choe and
Deibel, 2008; Deibel et al., 2017). Similarly, Oikopleuridae are scarce
from November to May in the Bering Sea, and F. borealis is rare in
the Okhotsk Sea from December to June (Volkov, 2022). The
Kongsfjorden succession, therefore, appears to be temporally
anticipated compared to other Arctic ecosystems.

The described temporal succession in Kongsfjorden likely
reflects a combination of: (i) seasonal shifts in water mass
composition, and (ii) species-specific response to turbidity levels.

While O. vanhoeffeni was mostly associated with ITW/SW and
sea ice coverage or recent retreat, F. borealis did not show consistent
trends with hydrological variables or sea ice, instead manifesting a
strong association with TAW and AW. However, the general low
occurrences of F. borealis in inner Kongsfjorden may be linked to its
sensitivity to glacial runoft which decreases salinity, consistent with
findings by Capitanio et al. (2018).

Turbidity also plays a key role in shaping O. vanhoeffeni
dynamics. The species typically peaks in autumn, roughly 1
month after the summer turbidity maximum (Figure 2B). In the
coastal ecosystem of the Canadian Beaufort Sea, O. vanhoeffeni was
observed to appear during diffuse plume events from the Mackanzie
River, whereas F. borealis mostly occurred in oceanic waters with
low turbidity levels (Walkusz et al,, 2010). Similarly, previous
studies demonstrated turbidity as a factor segregating
Oikopleuridae and Fritillaridae in the South Atlantic Ocean
(Flores-Coto et al., 2010; Capitanio et al., 2018), possibly due to
differences in particle selectivity (Fernandez et al., 2004) or gut
morphologies and nutritional adaptations (Brena et al, 2003).
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According to Flores-Coto et al. (2010), Oikopleuridae tend to
dominate in upwelling areas. As Kongsfjorden is part of an
upwelling system (Meslard et al., 2018), it can furnish nutrient
supply even in winter (De Rovere et al., 2024), potentially
enhancing food availability for O. vanhoeffeni.

Taken together, these findings indicate that inner Kongsfjorden
is a favorable habitat for O. vanhoeffeni, due to high productivity,
glacial freshwater inputs, and upwelling conditions. These specific
environmental preferences help explain the distinct flux intensities
and temporal succession observed between O. vanhoeffeni and F.
borealis, reflecting their contrasting ecological strategies. While O.
vanhoeffeni emerges as a stenohaline, eurythermal, and cryophilic
species strongly influenced by sea ice and freshwater inputs, F.
borealis appears more tolerant to variable oceanographic conditions
and less dependent on ice-related processes.

5.3 Phenology of Arctic larvaceans in
Kongsfjorden

5.3.1 Oikopleura vanhoeffeni

Long-term monitoring of O. vanhoeffeni body size revealed that
larger individuals were mainly associated with SW/IW at
intermediate depths. while a more complex pattern emerged near
the bottom: the largest specimens occurred in both ArW/LW and in
warmer deep masses, suggesting high phenotypic plasticity.

Notably, juveniles collected in 2010 were significantly larger
than those trapped in 2011 (Figures 6C, E), a difference possibly
linked to the sinking of cold and dense waters, as described by
D’Angelo et al. (2024), carrying bigger specimens from surface
layers. Such dense water masses, originating from sea ice formation
(Cottier et al., 2005; 2010; Tverberg et al., 2019; De Rovere et al.,
2022), may represent optimal growth conditions for O. vanhoeffeni.
A similar size reduction was observed in 2021 (Figures 6C, E), when
TAW/IW occupied greater depths while IW/SW dominated in
shallower layers (Figure 2). In this scenario, the stratification of
the water column and the little sea ice coverage in spring (Figure 3)
may have delayed the seasonal phytoplankton bloom (Hegseth and
Tverberg, 2013; Hegseth et al, 2019), acting as preconditioning
factors for undersized of O. vanhoeffeni juveniles.

Seasonal biometric analysis revealed the presence of two juvenile
stages: the first occurring during autumn-winter (stage I, Figure 8A,
Photos 1-2) and the second during spring-summer (stage II,
Figure 8A, Photo 3). Stage I juveniles were significantly smaller
than those in stage II (Table 2). Mature adults (Figure 8A, Photo 4)
were mostly observed in summer, but adult size did not show clear
seasonal variation (Table 2). Stage I juveniles were typically associated
with an homogeneous vertical mixing of ArW/IW, lower turbidity
(Figure 2), and the presence of sea ice (Figure 3), suggesting that
hydrological conditions during the polar night strongly affect growth.
During this period, feeding likely relies on microorganisms such as
marine bacteria (Deibel, 1988) and flagellates (Urban et al., 1992;
Acuna et al, 2002; Hegseth et al, 2019). The year-round feeding
activity of O. vanhoeffeni, supported by the lack of overwintering
behavior (Choe and Deibel, 2011), reinforces this hypothesis.
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Stage II included juveniles collected in spring-summer, during
periods characterized by a vertical stratification induced by the
intrusion of warmer water masses (Figure 2) and open water
conditions following sea ice retreat (Figure 3). These conditions,
combined with high turbidity levels (Figure 2) from glacial runoft
and enhanced primary productivity, likely created favorable
conditions for growth and maturation. This interpretation aligns
with previous studies (Fenaux, 1976; Flores-Coto et al., 2010;
Capitanio et al., 2018; Chitkara et al., 2024) highlighting the role
of spring food availability and temperature in accelerating
larvacean development.

Based on these patterns, we propose a 1-year phenological cycle
for O. vanhoeffeni in inner Kongsfjorden (Figure 8A). Reproduction
occurs in summer, followed by the development of stage I during
the polar night. These juveniles live by feeding on microorganisms
and, with the onset of the spring bloom, transition into stage II,
which matures and reproduces in summer (Figure 8A).

5.3.2 Fritillaria borealis

Tail length variability among F. borealis juveniles (Figure 8B,
Photos 5-6) showed significant interannual differences, although no
significant pairwise distinctions emerged (Table 3), and
hydrological variables did not significantly predict body size (SI3).
This may be due to the limited number of juvenile specimens
collected throughout the long-term series, which likely reduced
statistical power. Moreover, the short and rapid generation time of
E. borealis (Fenaux, 1976; Presta et al., 2015; Henriet et al., 2022)
contribute to explain the high variability in growth patterns.

Despite these limitations, longer tails offer ecological advantages
to juveniles, enhancing swimming efficiency, which is crucial for
filter feeding (Conley et al., 2018; Hoover et al., 2021). Therefore,
individuals with longer tails may thus be more effective at filtering
large volumes of seawater and capturing fine particles, providing a
competitive edge in spring-summer, when phytoplankton biomass
and fine particulate matter from glacial runoff peak (D’Angelo
et al., 2018).

In adults (Figure 8B, Photos 7-8), the longest trunk lengths were
observed during summer, supporting the hypothesis that this is the
primary reproductive period. The lack of juveniles in summer and
adult presence in autumn-winter (Figure 7B) are consistent with a
short life cycle and post-spawning mortality (Deibel et al., 1992;
Presta et al, 2015). However, due to rapid maturation, mature
adults may be found year-round.

In summary, the phenological cycle of F. borealis in inner
Kongsfjorden is characterized by a peak of mature adults in
spring-summer, followed by post-spawning decline and the
emergence of juveniles, whose numbers increase from autumn
into winter (Figure 8B).

5.4 Atlantic Water: an oceanographic
barrier or a spreading channel?

The first appearance of F. borealis in our samples was recorded
in summer 2017 (Figure 4B), following the most intense period of
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FIGURE 8

Illustration of (A) Oikopleura vanhoeffeni and (B) Fritillaria borealis phenology in the inner Kongsfjorden. (A) Examples of stage | juveniles of O.
vanhoeffeni born in autumn (SON, Photo 1) and winter (DJF, Photo 2), stage Il juveniles in spring (MAM, Photo 3), and a mature individual trapped in
summer (JJA, Photo 4) with gonads (white triangle). (B) Juveniles of F. borealis in autumn (Photo 5) and winter (Photo 6), mature adult trapped in
spring (Photo 7) with prominent gonads (white triangle), and in post-spawning phase (Photo 8) with releasing eggs (*)

AW intrusion into Kongsfjorden. This observation raises an
important ecological question: does AW act as an oceanographic
barrier limiting larvacean distribution, or as a vector facilitating
their dispersal from the fjord mouth to the inner bay?

While the role of AW in shaping Arctic larvacean biogeography
remains unclear, our predictions indicate an overall increase in the
occurrence of both O. vanhoeffeni and F. borealis under ongoing
Atlantification. Specifically, O. vanhoeffeni is projected to increase at
intermediate depths in response to saltier TAW/AW (Figure 5A)
and warmer SW/IW (Figure 5C), and at greater depths with
increasing IW/TAW (Figures 5B, D) and AW presence
(Figure 5D). In contrast, F. borealis shows a strong association
with AW, although no clear temporal trends emerge from our
predictions. The observed bimodal distribution with bottom
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temperatures (Figures 5D, H) is associated with a great diversity
of water masses in Kongsfjorden. Therefore, the prediction on
larvacean abundances could reflect species-specific affinity for O.
vanhoeffeni (linked to SW/IW) and F. borealis (affinity for
TAW/AW).

Historical data report high densities in outer Kongsfjorden
(Weslawski et al., 1991), with episodic summer peaks in the inner
fjord following AW intrusions (Walkusz et al., 2009; Lischka and
Hagen, 2016). Similar associations have been documented across
the Fram Strait and Barents Sea (Arashkevich et al., 2002;
Blachowiak-Samolyk et al., 2008, Blachowiak-Samolyk et al., 2007;
Hop et al,, 2019), and even in Antarctic fjords (Panasiuk and
Kalarus, 2021). However, GAM models indicate that Arctic
larvaceans benefit from extensive sea ice cover (Table 1),
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consistent with their current distribution habitat. Accordingly,
Pantiukhin et al. (2024b) predicted a northward shift of O.
vanhoeffeni into the Central Arctic, as sea ice retreats from lower
latitudes, whereas F. borealis is expected to increase in Svalbard
following the influx of AW.

These patterns suggest the potential for broader gelatinous
larvacean dispersal in a warming Arctic, possibly colonizing northern
areas and promoting bloom events under favorable conditions.

Projected responses to Atlantification suggest divergent
morphological trends. With the increasing occurrences of open
water hotspots, O. vanhoeffeni is expected to increase in body size
while F. borealis is predicted to reduce its trunk lengths. These
differences likely reflect a shift in phytoplankton communities, from
diatom-dominated assemblages to nano- and picoplankton, and a
transition from well-mixed, nutrient-rich waters to more stratified,
oligotrophic conditions (Piquet et al., 2014; Van de Poll et al., 2021).
In stratified open waters, delayed spring phytoplankton blooms
caused by the reduced vertical mixing (Payne and Roesler, 2019;
Szeligowska et al., 2022), may extend periods of food scarcity,
potentially leading to a decrease in the S/V ratio and explaining
smaller predicted sizes of F. borealis. This hypothesis aligns with
general physiological models for filter-feeders, where body shape
and S/V ratio are adjusted to optimize feeding efficiency under
nutrient-limited conditions and in presence of nano- and
picoplankton blooms. However, a flatter body plan like those of
F. borealis (elongated trunk and forked tail) would represent an
advantageous trait for food intake due to the lower S/V ratio
compared to O. vanhoeffeni body plan (rounded trunk and
ribbon-like tail). The hypothesis for such plasticity in larvaceans
is supported by work showing tunicate responses to bloom
dynamics at the molecular level (Sordino et al., 2019), and
analogous morphological adaptations in other filter feeders such
as echinopluteus larvae (Adams et al., 2011). Nevertheless, under
scenarios of prolonged AW and TAW presence, both O. vanhoeffeni
and F. borealis may increase their body sizes reflecting earlier
gonadal development and anticipated breeding phases, as already
proposed in sub-Antarctic waters (Capitanio et al., 2018; Kalarus
and Panasiuk, 2021; Alves et al, 2025) and predicted for other
gelatinous zooplankton (Pantiukhin et al., 2024b). On a general
ecosystem scale, the predicted increase in abundance of F. borealis
over O. vanhoeffeni in Kongsfjorden would evolve in a lower
biomass availability in the community. In contrast to
Oikopleuriids, F. borealis does not need to abandon its houses for
escaping from predators, decreasing the sinking rates of houses and
their contributions to the biological pump and benthic-pelagic
coupling (Flood, 2003; Choe and Deibel, 2008; Flores-Coto et al.,
2010; Jaspers et al., 2023). In fact, F. borealis produces houses with
elastic properties, an advantageous energy-saving mechanism
allowing for the preservation of secreted houses for a longer time
compared to O. vanhoeffeni (Flood, 2003). Moreover, F. borealis has
lower lipid contents than O. vanhoeffeni (Deibel et al., 1992;
Bamstedt et al., 2005), therefore its predicted spreading under
Atlantification in Kongsfjorden would decrease the energetic
storage in the ecosystem, sensibly reducing the energy transfer
through the food-web chain and involving from other secondary
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producers i.e., carnivorous copepods, amphipods, ctenophores and
jellyfishes) to higher trophic levels, like seabirds feeding in the inner
bay of the fjord (Hop et al., 2023). Similar conclusions emerged
from Pettitt-Wade et al. (2020), and for other shifts as in the case of
Themisto libellula/T. abyssorum (Arctic/Atlantic) (Kraft et al., 2012;
Hop et al,, 2019), and between Calanus glacialis/C. finmarchicus
(Arctic/Atlantic) (Hop et al,, 2019 and references in).

Therefore, in a context of Atlantification, we suggest that
larvacean distribution, phenology and ecosystem impacts are
shaped by an interplay of water mass properties, sea ice retreat,
and phytoplankton community shifts resulting in species-specific
morphological adaptations and changes in reproductive timing. In
line with this interpretation, AW emerges as a key driver of Arctic
larvacean biogeography: O. vanhoeffeni is expected to retreat
poleward toward sea ice-covered regions, while F. borealis will
likely expand into Kongsfjorden, tracking the increasing advection
of AW/TAW and the dominance of smaller phytoplankton
assemblages. By combining predicted effects on both abundance
and body size of larvaceans, regional and species-related energetic
net effects are expected to come: (i) energy-depletion in Kongsfjorden
due to the increase of the significantly smaller F. borealis, and (ii)
energy-rich communities following the spreading of the larger O.
vanhoffeni in the Central Arctic.

This dual role of AW - as both a dispersal vector and
environmental filter - highlights the complex, niche-specific
responses of Arctic larvaceans to Atlantification and the
cascading effects in their communities.

5.5 Effectiveness of sediment traps for
larvacean sampling

Sediment trap sampling proved highly effective in this study for
capturing pelagic tunicates. GAMs indicated that O. vanhoeffeni
responded to changes in hydrological conditions at both 30 m and
90 m depths (Figures 5A-D), supporting the hypothesis that
environmental gradients play a key role in shaping its vertical
distribution. Notably, nearly all well-preserved specimens were
collected in deep waters, suggesting that individuals were alive at
the time of capture.

Larvaceans typically inhabit the upper 0-100 m of the water
column, with peak occurrences in the photic layer (0-50 m) where
food availability is highest (Manko et al, 2020; Gimeénez et al,
2023), and they are highly tolerant of elevated food-particle
concentrations (Acufa and Kiefer, 2000; Capitanio et al., 2018).
Although weak swimmers, larvaceans are capable of active
movements via tail beating (Hiebert et al., 2023) and respond to
various environmental stimuli, including chemical signals (Deibel,
1986; Rigon et al, 2013; Van Le et al, 2023). In this context,
sediment traps may function as attractants for larvaceans by
concentrating both organic and inorganic particles (Aguiniga
et al., 2010; Makabe et al., 2016; Manko et al., 2020; Ramondenc
et al., 2023). We hypothesize that larvaceans may detect chemical
cues in the water column potentially including those associated with
particle rich-areas, or even the trap themselves, via ciliated olfactory
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cells as they actively swim and filter water (Poncelet and Shimeld,
2020; Hielbert et al., 2023). This hypothesis is supported by
observations of Lombard et al. (2011), therefore traps may act as
chemically detectable microhabitats for larvaceans. Another
plausible explanation for the deep occurrence of larvaceans relates
to the formation of dense water masses, as observed during the
winters of 2010 and 2011 by D’Angelo et al. (2024). These
conditions may promote the vertical transport of larvaceans or
favor their survival in deeper waters.

Importantly, the use of formalin in the traps ensured immediate
fixation of collected specimens, preserving delicate larvacean tissues
in good conditions. This is demonstrated by comparing the sizes of
F. borealis and O. vanhoeffeni of this study with biometric data
acquired from Shiga (1976) and Maekakuchi et al. (2018), who
adopted different sampling methods. This underscores the utility of
sediment traps in studying the ecology and phenology of gelatinous
zooplankton, which is often damaged or underestimated in
traditional net sampling, without generating significant alterations
in morphology and biometry.

6 Conclusion

The distribution of Arctic appendicularians in Kongsfjorden
reflects a dynamic interplay between oceanographic variability, sea
ice coverage and trophic conditions. O. vanhoeffeni is closely
associated with fresher and warm SW and IW, while F. borealis
appears linked to occasional intrusions of saltier TAW and AW, on
both interannual and seasonal scales. However, the absence of F.
borealis sightings before 2019 could reflect: (i) a patchy distribution
of the species, or (ii) episodic mismatch between AW pulses and our
sampling. In this perspective, further investigation is needed using
environmental DNA (eDNA) technologies, allowing for a more
sensible detection of F. borealis presence in the inner Kongsfjorden.
Phenological patterns indicate an annual cycle for O. vanhoeffeni
and semiannual rhythms for F. borealis, led by seasonal water mass
variability, turbidity and sea ice dynamics. These results support the
view of Kongsfjorden as a favorable habitat for the cryophilic,
stenohaline O. vanhoeffeni while high turbidity levels and
freshwater discharge from tidewater glaciers likely limit the
occurrence of the more euryhaline F. borealis. Further studies
regarding the biochemical composition and vertical fluxes of
suspended particles, the relationships between chlorophyll-a
concentration and larvaceans in the fjord, as well as their
clearance rates of larvaceans are needed to disentangle the gaps
between the species, primary production and turbidity impacts.

The divergent responses of the two species underscore their
ecological plasticity and potential as indicators of climate-driven
environmental shifts in Arctic marine ecosystems. Under the
ongoing Atlantification, larvacean abundances are expected to
increase in both space and time, contributing to the “Jellification”
of polar waters. However, their biogeographical distribution will
remain species-specific: O. vanhoeffeni is predicted to retreat
poleward with ice edge, while F. borealis will likely expand further
into Arctic fjords under warming and stratification. Differences in
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their sizes would promote cascading effects on marine communities,
potentially decreasing their contribution in Kongsfjorden due to the
smaller biomass of F. borealis. By contrast, the predicted poleward
spreading of O. vanhoeffeni could generate an increase in the total
zooplankton biomass in high-Arctic marine communities, not
affected by warm AW intrusions.

To anticipate these changes, long-term series and predictive
models are essential for capturing species-specific dynamics and
improving our understanding of planktonic tunicate responses in a
rapidly transforming Arctic Ocean.
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