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Puzzles from the
Arctic – deciphering temporal
distribution, ecological niche
and life history of two
Appendicularia species in
Kongsfjorden, Svalbard Islands
Alessandro Nicolai1*, Francesco Paladini de Mendoza2,
Gianmarco Ingrosso3, Leonardo Langone1, Tommaso Tesi1,
Jessica Titocci3 and Patrizia Giordano1*

1CNR-ISP – National Research Council – Institute of Polar Sciences, Bologna, Italy, 2CNR-ISP –
National Research Council – Institute of Polar Sciences, Messina, Italy, 3CNR-IRET - National
Research Council – Research Institute on Terrestrial Ecosystems, Lecce, Italy
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 ef�cient �xation 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 in�uenced 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 in�uenced by
the combination of (i) seasonal variability of thermohaline conditions, (ii) glacial
meltwater in�uencing water mass structure, and (iii) turbidity �uctuations from
marine and continental inputs. Oikopleura vanhoeffeni exhibited a well-de�ned
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 in�uenced 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 �ndings 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 , Fri t i l lar ia boreal is , 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 �ltering water and
retaining a wide range of particles, from colloids to large
phytoplankton cells (Deibel, 1988; Urban et al., 1992; Acuæa
et al., 2002; Brena et al., 2003; Capitanio et al., 2018; Gime�nez
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 �uctuations 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 signi�cant 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
02
climate-related process of Atlanti�cation, 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 bene�t �lter-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 ef�ciency, preservation and identi�cation
(Swanberg and Båmstedt, 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 identi�cation 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 inef�cient
(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 in�uence 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 �uctuations in turbidity. Then, we test the
hypothesis that the population structure of larvaceans re�ects
phenological rhythms driven by the same oceanographic drivers –
frontiersin.org
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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 �lling 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 in�uenced by two main currents: (i) the West Spitsbergen
Current (WSC, Figure 1B), which transports AW with signi�cant
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 in�uenced by the
interaction between the SPC and WSC, glacial meltwaters and river
Frontiers in Marine Science 03
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 classi�cation 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 in�uenced 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), ef�ciently 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
FIGURE 1

(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
the village of Ny-Ålesund.
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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 simpli�ed 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 m2 collecting area,
ongoing activity) tethered at 87 m water depth. The cups were pre-
�lled 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
Frontiers in Marine Science 04
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 pre�ltered Arctic seawater through a 500 µm 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,
identi�ed, and counted (Giordano et al., 2025). In addition, the
material that passed through the 500 µm sieve was brie�y 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 classi�ed according to the World
Register of Marine Species (WoRMS, https://www.marinespecies.org).
The total abundances were standardized with sediment trap
collecting areas (m2) and trap opening intervals (d), being
expressed as �ux:

Larvacean � flux =
ind :

m�2 � d�1

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 �uxes using R software. A matrix
of similarities was calculated from the �uxes estimating the Bray-
Curtis index, then we ran PERMANOVA to test differences in
larvacean �uxes throughout the long-term series. A Pearson
correlation test between species �uxes was performed and the
intensity of the relationship followed the scale of Gime�nez et al.
(2023), adopting a level of signi�cance threshold (p) was set p<0.05.

The relationship between larvacean �uxes 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-speci�c �ux data.
For Oikopleuridae, the Quasi-Poisson regression was appropriate
as it accounted well for moderate overdispersion in the data. In
frontiersin.org
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contrast, Fritillaridae �ux 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 �ux resulted in poor model �t, 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 in�uence on larvacean �uxes was interpreted relative to the
intercept, which represents the logarithm of the expected average
�ux (µ) under ice-free conditions. Summarizing, the GAM model
equation will be de�ned as:

log( µ ) = ß0 + ß1 + s(iTEMP) + s(iSAL) + s(bTEMP)

+ s(bSAL) (1:1)

where log(µ) is the logarithmic average of larvacean �ux
distribution (µ), ß0 is the intercept, ß1 is the linear effect of sea ice
presence, s(iTEMP) and s(iSAL) are the predicted effects of temperature
and salinity at 30 m depth and, similarly, s(bTEMP) 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 ß1 = 0, therefore the expected
larvacean �ux (µ) depends only on hydrological conditions at
different depths.

log( µ ) = ß0 + s(iTEMP) + s(iSAL) + s(bTEMP) + s(bSAL) (1:2)

In ice-covered conditions, the sea ice effect becomes active and
expressed by the term ß1�0, manifesting an additive effect on the
expected larvacean �ux (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 signi�cance threshold of p<0.05. When signi�cant
differences were detected, Dunn’s post-hoc test was performed to
identify speci�c 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)
Frontiers in Marine Science 05
con�rmed 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 �uctuating 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
�oating 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).
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4.4 Long-term records of Arctic larvaceans

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

Oikopleura vanhoeffeni �uxes were generally low from 2010 to
2016 (<8 ind. m-2 d-1, 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 (�15 ind. m-2 d-1), with the highest estimated �ux between
October and December 2021 (SI1). F. borealis was absent in our
samples before July 2017 (1 ind. m-2 d-1, Figure 4B), and the highest
�ux (6 ind. m-2 d-1) occurred in May-June 2023 (SI1). Nevertheless,
sporadic individuals (� 3 ind. m-2 d-1) 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 �uxes
are about 5 times higher than F. borealis.

PERMANOVA results con�rmed statistically signi�cant
differences for the occurrence of polar larvaceans (pseudo-F=22.2,
p = 0.001) in Kongsfjorden. The correlation between species
appeared insigni�cant (rs = 0.02, p > 0.05).
Frontiers in Marine Science 06
4.5 Relationships between larvaceans and
hydrology

The GAM model on the entire time series for O. vanhoeffeni �ux
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 �t and suggesting that the selected environmental
predictors effectively capture the main drivers of species �ux variability.

Sea ice absence was associated with a lower average predicted �ux
(1.36 ind. m-2 d-1) compared to sea ice presence (2.00 ind. m-2 d-1), with
high statistical signi�cance (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 �ux, while bSAL showed a
signi�cant but nonlinear effect (F = 6.56, p<0.001, Figure 5B). Similarly,
both iTEMP and bTEMP in�uenced species �ux through nonlinear
trends (Figures 5C, D), with high F-values and strong signi�cance
(Table 1). Notably, iSAL values above 34.4 PSU were associated with an
increase in the O. vanhoeffeni �uxes, whereas bSAL values exceeding
34.8 PSU had a negative predicted effect. O. vanhoeffeni �ux appeared
sensitive to narrow temperature ranges: iTEMP below 2.5 °C and above
5.0 °C were linked to reduced �ux, indicating a limited thermal
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 de�ned 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.
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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
Frontiers in Marine Science 07
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.
FIGURE 4

Heatmaps for multi-year �ux intensities of (A) Oikopleura vanhoeffeni and (B) Fritillaria borealis. The �ux intensity is expressed as ind. m-2 d-1. Grey
cells re�ect missing data.
FIGURE 3

Sea ice observations from the mountain Zeppelinfjellet (Svalbard) during the period 2010-2023 (data source: Norwegian Polar Institute), shown in
relation to vertical �uxes 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).
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