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Sea ice, a central component of polar ecosystems, is undergoing profound
changes due to climate change. In particular, the Arctic is experiencing
unprecedented warming at quicker rates than other regions. This alarming
trend of sea ice loss has dire consequences, with spill-over effects on the
entire ecosystem, from phytoplankton to top predators. The complex and
dynamic nature of sea ice gives rise to diverse habitats, each with the potential
to affect larger ecosystems in different ways. However, our understanding of the
relative importance of different ice types for higher trophic levels remains limited.
To address this knowledge gap, we conducted a comprehensive study of the
effects of drift ice, landfast ice, and total sea ice extent (landfast ice + drift ice) on
the body condition of six species of polar-breeding seabirds using long-term
monitoring data (2003-2021) from Kongsfjorden, Svalbard. These species fell
into two categories: Arctic species (Little Auk Alle alle, Brinnich’'s Guillemot Uria
lomvia, and Glaucous Gull Larus hyperboreus) and "boreal” (or north temperate)
species (Black-legged Kittiwake Rissa tridactyla, Arctic Skua Stercorarius
parasiticus, and Great Skua Stercorarius skua). We found that the presence and
extent of different types of sea ice may have different effects on seabird body
condition. Though we did not find any relationship between total sea-ice extent
and seabird body condition, drift ice and landfast ice extent did produce
significant effects. For Arctic species, these effects were positive. For boreal
species, the relationship between body condition and drift and landfast ice was
more complex. Our study suggests that the use of a non-specific sea ice variable
may mask the effects of sea ice on Arctic wildlife, highlighting the importance of
not considering sea ice to be uniform and simple habitat.
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Introduction

Arctic sea-ice is disappearing fast due to climate change, and the
ten lowest maxima of Arctic sea-ice extent have been recorded in
the last 20 years (https://nsidc.org). Sea ice plays a crucial role in
polar ecosystems by providing habitat structure, food resources, and
shelter from predators for many species (Arrigo, 2017; Meyer et al.,
2017; Thomas, 2017; Kohlbach et al., 2022). Sea ice primary
production may be regionally and seasonally important compared
to open ocean production, and contributes significantly to the total
primary production of the marine ecosystem (e.g. in the Central
Artic Ocean; Wiedmann et al., 2020). Alterations in sea ice
distribution and properties are expected to cause significant
ecological consequences for wildlife, such as changes in seasonal
distributions and migration patterns, or modifications of life history
traits (Carmack and Wassmann, 2006; Tedesco et al., 2019). This
can ultimately lead to a decline in populations of ice-dependent
species and alter entire ecosystems (Constable et al., 2014; Will
et al., 2020).

The cycle of sea ice formation and melting has a direct impact
on food webs and the biogeochemical cycles of the upper ocean
(Vancoppenolle et al., 2013; Bluhm et al., 2017). Sea ice structures
are complex and dynamic, resulting in a wide range of habitats
based on thickness, age and dynamic processes such as rafting and
ridging (Petrich and Eicken, 2017). Ice algae mainly grow in the
bottom skeletal layer of the sea ice where light is sufficient and
nutrients from the upper ocean can be exchanged with sea ice brines
(Vancoppenolle et al., 2013). Dynamic processes such as surface
flooding can also provide nutrients to other parts of the sea ice and
lead to surface or internal ice algal growth (Arrigo, 2017). The
resulting habitats are crucial for the survival and reproduction of a
diverse array of marine invertebrates or fish species (e.g. the polar
cod, Boreogadus saida, a key Arctic species, Huserbraten et al,
2019) and play a significant role in maintaining the overall health of
marine ecosystems (Lannuzel et al., 2020).

The ecological consequences of sea ice alteration has been the
subject of an increasing number of research projects in recent years
(Post et al., 2013; Ardyna and Arrigo, 2020). However, due to the
complex structure of sea ice, a large number of variables should
ideally be considered to accurately describe sea ice structural
characteristics (van Leeuwe et al., 2018). Landfast ice and drift ice
are two types of sea ice that are commonly found in the polar
regions. Landfast ice is the sea-ice anchored to the coast, an ice shelf,
or the seafloor, and does not move with ocean currents. Drift ice, on
the other hand, is free-floating sea-ice that moves with ocean
currents. This free movement results in a dynamic formation and
complex internal structure for drift ice, with the prominent
formation of ridges and rafted ice floes. Drift ice and landfast ice
are different in nature and their potential impacts on upper ocean
food webs are not yet fully understood. These two types of sea ice
have different physical and chemical properties, as well as different
movements and persistence in the ocean, which all impact the
organisms that inhabit and depend on them. For example, drift ice
is typically much thinner than landfast ice, which allows more light
penetration and results in higher sympagic primary production
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(Lizotte and Sullivan, 1992; Thomas, 2017). On the other hand,
landfast ice typically accumulates more algal biomass than drift ice
(Meiners et al., 2012; Meiners et al., 2018), which has greater algal
biomass losses and higher zooplankton grazing (Arrigo, 2017).
Organisms such as copepods and amphipods are, for example,
not abundant in landfast ice until it warms and melts, and the brine
volume increases. This allows grazers to have access to the sympagic
biomass (Stoecker et al., 2000). Therefore, drift ice may represent a
more important foraging habitat for grazers and, consequently, for
higher trophic level organisms that prey on them. However, the
relative importance of drift and landfast ice for upper trophic levels
is not well understood, highlighting the need for further studies to
better understand the role of sea ice in polar ecosystems.

Seabirds are good bioindicators of changes in the environment
(Durant et al., 2009; Smit et al., 2021). In the Arctic, several seabird
species are known to be affected by sea ice changes (Descamps and
Ramirez, 2021; Divoky et al., 2021; Varpe and Gabrielsen, 2022;
Sauser et al., 2023). However, the sea ice variables most commonly
used to demonstrate such effects are sea ice extent (SIE) or sea ice
concentration (SIC), which do not consider differences between ice
types. To better understand the impact of sea ice on seabirds, it is
important to know whether the presence of different sea-ice types
can impact seabirds.

In this study, we analysed the relationship between the presence
of different types of sea ice and the individual body condition of a
high Arctic seabird community in Svalbard. While body condition
is an indicator of physiological state and health (Murphy, 1996) and
is known to be sensitive to changes in environmental conditions
(e.g. Gardner et al,, 2016), our primary focus is to investigate the
specific impacts of different types of sea ice. In polar seabirds,
changes in average sea ice extent or concentration have already been
shown to impact the body condition of several species through a
bottom-up effect (e.g. Jean-Gagnon et al., 2018 on common eiders
Somateria mollissima; Sauser et al, 2018 on snow petrels
Pagodroma nivea; Amelineau et al., 2019 on little auks Alle alle;
Tarroux et al., 2020 on Antarctic petrels Thalassoica antarctica) but
to our knowledge, the relative importance of landfast ice versus drift
ice has never been tested. We used data from six seabird species
(little auk Alle alle, Brinnich’s guillemot Uria lomvia, black legged
kittiwake Rissa tridactyla, glaucous gull Larus hyperboreus, Arctic
skua Stercorarius parasiticus, great skua Stercorarius skua) to assess
the effect of changes in the extent of landfast ice, drift ice, and total
sea ice (i.e. landfast ice + drift ice) on body condition. We predict
larger effects on seabird body condition due to changes in drift ice
compared to landfast ice, as drift ice is associated with higher
zooplankton concentrations, on which seabird prey depends
directly or indirectly (Soreide et al., 2010; Kohlbach et al., 2017).
The species analysed in this study can be divided into two
categories: the endemic Arctic species (glaucous gull, little auk,
Briinnich guillemot), which breed exclusively in the Arctic, and the
north temperate (or so-called “boreal”) species (kittiwake, Arctic
skua, great skua), which have a wider distribution and are also
common in temperate environments (Descamps and Strom, 2021).
Arctic species are probably better adapted to variations in sea ice,
but in the current context of rapid sea ice retreat and atlantification
of the region west of Svalbard (De Rovere et al., 2022), we believe
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that the magnitude of these changes is pushing Arctic species to the
limits of their capacity. Boreal species, which also live in the Atlantic
region, may be less sensitive to these changes.

Materials and methods
Study site and species

The study was conducted between 2003 and 2021 in
Kongsfjorden, located in western Spitsbergen, Svalbard. The little
auk is a small alcid (ca. 160 g), feeding exclusively on zooplankton
and mainly on the lipid-rich copepod Calanus glacialis (Lonne and
Gabrielsen, 1992; Mehlum and Gabrielsen, 1993; Descamps et al.,
2022). The little auk foraging ecology is known to be associated with
sea-ice (Jakubas et al., 2012; Amélineau et al., 2019). The Briinnich’s
guillemot is a large alcid (ca. 1000g). It is a diving species, feeding
mainly on fish down to 200 m depths (Mehlum and Gabrielsen,
1993; Elliott and Gaston, 2008). The black-legged kittiwake is a
small larid (ca. 320g). It is a surface feeder that targets small fish and
zooplankton (Vihtakari et al,, 2018). Both of these species are
known to forage partly on ice-associated fish, such as polar cod
Boreogadus saida (Mehlum and Gabrielsen, 1993; Vihtakari et al.,
2018) and their population dynamics have shown positive
associations with sea-ice extent (Descamps and Ramirez, 2021).
The glaucous gull is a large larid (ca. 1400g), a dietary generalist
feeding on a wide variety of prey from both the marine and
terrestrial food webs (Weslawski et al., 1994), including polar cod
(Erikstad, 1990; Weslawski et al., 1994). The Arctic skua is a
medium skua (ca. 450g), with a kleptoparasitic foraging strategy,
stealing food mostly from Arctic terns and kittiwakes (Phillips et al.,
1996). The great skua is a large skua (ca. 1300g), a dietary generalist
feeding on discards and small fish, as well as other birds’ eggs,
chicks or adults (Church et al,, 2019). The importance of sea-ice in
the foraging ecology of the two latter species is unknown but is
expected to be low.

Body condition index

For each species, the body mass and structural size (total head
length) of breeding individuals were measured each year from a
sample of individuals (details in Supplementary Table S1). Various
proxies of body condition have been proposed in the literature, and
none is perfect for all species and contexts (Labocha and Hayes,
2012). In this study, we chose a simple and widely used body
condition index (BCI), defined as the residual from a linear
regression of individual body mass against structural size
(Supplementary Table S1).These residuals are associated with
relative fat mass in adults, making them a good proxy for fat
stores (Kraft et al, 2019). We log-transformed body mass and
structural size prior to the analyses to remove the heteroscedastic
nature of the data (Schulte-Hostedde et al., 2005). Bird identity was
included as a random factor in all models to take into account the
lack of independence in our data (as a given individual may have
been measured in several years). Variation in the condition of birds
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during the breeding season is well-documented and can be non-
linear and species-specific (e.g. Moe et al., 2002; Rodriguez et al.,
2017). To account for these intra-seasonal variations, we included
the date of capture (expressed as the number of days since May 1st)
in our models. Specifically, we included the date of capture as a
polynomial variable of order one to three, depending on the species,
in order to capture any potential non-linear relationships (see
details in Supplementary Table S2).

Sea ice data

We focused on sea-ice in April and May, as this is the period of
maximum sea-ice extent and is expected to be a good proxy of the
general sea-ice conditions in a given year (details in Descamps and
Ramirez, 2021). The spring phytoplankton bloom occurs during
this period (Hodal et al., 2012) and is associated with the breeding
performance of seabirds (e.g. Ramirez et al., 2017). Sea ice extent in
Kongsfjorden was estimated from visual observations from the
mountain Zeppelinfjellet each spring from 2003 to 2021 (see
details about the procedure in Pavlova et al., 2019; Gerland et al.,
2022). The dataset provides a daily ice coverage within the fjord,
distinguishing between landfast and drift ice. For each observation
day, the coverage of both landfast and drift ice was calculated as a
percentage of the total fjord area covered. To determine the total sea
ice extent for a given day, we summed the percentages of both types
of ice. From these daily values we then determined the annual
maximum for each ice category. Our sea ice data are limited to the
fjord but although all species can also feed outside the fjord, they all
use the fjord, to some extent, as a foraging area.

The drift ice in Kongsfjorden consists mainly of first-year ice
derived from the local landfast ice, which limits its comparison with
other ice-dominated regions such as Antarctica or the Canadian
Arctic. However, Kongsfjorden drift- and landfast-ice still differ in
structure (Svendsen et al., 2002). Moreover, under the influence of
factors such as winds and ocean currents, additional structural
differences can occur. Depending on the meteorological and
oceanographic conditions, the drift ice may leave the fjord quickly
or remain for a longer period of time. If it stays longer, it may
undergo different changes than landfast ice, especially if it is
exposed to warmer water. The size of the floe plays an important
role in these dynamics, and under the influence of swell, drift ice
often breaks up into narrow strips (Pavlova et al, 2019). These
sections are particularly vulnerable to warming and melting, which
in turn leads to changes in the internal structure of the ice, such as
brine channels, and ultimately affects the habitat provided by the ice
and associated fauna (Leu et al., 2006).

Statistical analyses

All analyses were performed in R (R Core Team, 2022).

We assessed the temporal trends in sea ice by using linear
models (Im function) for each sea ice type (i.e. landfast ice, drift ice,
total sea ice extent). We also tested the correlations between the
different ice types (cor.test function). To assess the trend in body
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condition, we constructed a generalised mixed linear model (Imer
function) using individual level data with year defined as a
continuous variable. We also included the interaction between
year and bird category (i.e boreal or Arctic); bird identity and
species were included as random factors. To determine whether
including the interaction term between year and species category
improves the fit of the models, we followed an information-
theoretic approach and compared the AIC (Akaike’s Information
Criterion, Burnham and Anderson, 2002) of the models. If the
difference in AIC values between two models was <2, the models
were considered to have similar support, and as models were nested,
the simplest was preferred.

We used a similar model selection approach to test for the effect
of different sea ice types on birds’ BCI, testing sea ice type
separately. We built generalised mixed additive models (gamm
function, with a maximum likelihood (ML) estimation procedure,
Zuur et al., 2009) with bird identity and species included as random
factors. The model used BCI as a response variable and sea ice
extent (landfast ice, drift ice or total ice extent) as continuous

10.3389/fmars.2024.1326658

predictors. To account for non-linear relationships between BCI
and covariates, and to limit model over-fitting, we chose an
“optimal” number of knots (k, sensu Zuur et al., 2009) based on a
visual comparison of the smoothers. The smooth term was set to a
maximum of k = 3. To examine the interaction with bird category,
we used the same model, adding the category parameter as a main
effect and specifying for the sea-ice smoothing parameter that a
replicate should be produced for each region (argument ‘by’).

Results

All sea ice types show strong interannual variability in period
2003-2021, ranging from 8 to 46% of drift ice, from 3 to 99% of
landfast ice, and from 23 to 100% of total sea ice extent (Table 1;
Figure 1). However, none of the sea-ice types considered exhibited a
significant trend over the study period (Table 1; Figure 1). Drift ice
and landfast ice were not correlated (R* = 0.23, p-value= 0.35).

TABLE 1 Long-term trend in maximum drift ice (DI), maximum fast ice (FI) and maximum total sea ice extent (SIE).

Sea ice type Model AIC AAIC df
Null 145.39 1259.14 1
DI Linear 147.29 1261.04 2
Factor Year -1113.75 0 18
Null 188.70 1250.07 1
FI Linear 187.50 1248.87 2
Factor Year -1061.37 0 18
Null 186.58 1231.92 1
SIE Linear 184.87 1230.21 2
Factor Year -1045.34 0 18
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FIGURE 1

Interannual variation of the three sea ice types [(A): drift ice, (B): fast ice, (C): total sea ice extent] from 2003 to 2021. The horizontal dashed line
represents the average per sea ice type over the entire study period. The doted lines represent the trends, along with the 95% confidence intervals,
for each ice type. The trends shown are not statistically significant.
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The body condition of seabirds breeding in Kongsfjorden
showed large interannual variations, and was different for Arctic
and boreal species (Table 2; Figure 2). However, there was no
significant trend in body condition over the study period (Table 2).

Changes in total sea ice extent in the fjord had no significant
effect on seabird body condition (Table 3). However, variations in
landfast and drift ice showed significant effects, and these effects
differed for Arctic and boreal species (Table 3; Figure 3). For Arctic
species, there was a positive linear relationship between body
condition and drift ice presence, whereas landfast ice had a non-
linear effect. Landfast ice presence was related to relative stability in
body condition up to 50% ice cover, after which it showed a positive
trend (Figure 3). For boreal species, the impacts of drift ice presence
produced a bell-shaped curve with a positive effect up to 30% ice
cover, after which it had a negative effect. Conversely, the impacts of
landfast ice presence produced an inverted bell-shaped curve with a
negative effect on body condition up to 50% ice cover, after which it
had a positive effect (Figure 3).

Discussion
Temporal variations in sea ice

From nearly 20 years of sea ice observations in Kongsfjorden,
we found that while the total maximum sea ice extent varied
strongly from year to year, ranging from 24 to 100% (Figure 1C),
there was no significant trend. The landfast and drift ice extents also
had large interannual variability with no significant trend. While
climate change has been shown to have a significant impact on
Arctic sea ice and is associated with a strong decline over the 20th
century (Stroeve et al., 2012; Hetzinger et al., 2019), we did not
observe any significant trends over the study period. It is worth
noting, however, that maximum sea ice extent was higher on
average in the early years. Our 20-year study period is probably
too short to detect a significant decline in sea-ice due to large inter-
annual variability, though trends would likely become significant
when considering longer time-series. This highlights the need for
continued monitoring of sea ice in the Arctic to better measure the
impact of climate change on this critical ecosystem component.

TABLE 2 Long-term trend in body condition index of seabirds breeding
in Kongsfjorden 2003-2021.

Model AIC AAIC df
Null -6810.18 74.78 3
Year -6808.99 75.97 4
Year * Type -6805.69 79.27 6
Factor (Year) -6848.09 36.87 21
Factor (Year)* Type -6884.96 0.00 37

Bird identity and species were included as random effect. df degrees of freedom. AIC Akaike
Information Criterion. AAIC difference in AIC from the model with the lowest AIC. Bold
characters give the models that received a better support (AAIC >2) than the null model. Bird
ID and species are included in the models as random factors.
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FIGURE 2

Interannual variations in the body condition of seabirds breeding in
Kongsfjorden, Svalbard. Blue and red symbols represent the average
condition (and associated SE) for Arctic (blue) and boreal (red)
species respectively.

Variations in body condition and effects of
sea ice on Arctic and boreal species

The body condition of seabirds plays a crucial role in their
survival and breeding success (Chastel et al., 1995; Ozgul et al,
2010; Cornioley et al., 2017). Seabirds rely on their body reserves to
supply their energy requirements during prolonged periods of
foraging, migration, and breeding (Williams, 1966). Having an
adequate body condition, is essential to meet the energetic
demands of seabirds during various life cycle stages, including
breeding and moulting, emphasizing the importance of sufficient
nutritional intake. In this study, we observed significant interannual
variation in the body condition index (BCI) of seabirds breeding in

TABLE 3 Results of the model testing for the relationship between body
condition index and sea ice extent for seabirds breeding in Kongsfjorden
2003-2021.

Model AIC AAIC df
Null -6810.18 18.86 3
SIE -6808.17 20.87 4
SIE * Categories -6806.47 22.57 6
FI -6820.72 8.32 4
FI * Categories -6829.04 0.00 6
DI -6812.88 16.16 4
DI * Categories -6817.96 11.08 6

Bird identity and species were included as random effect. Categories: Seabirds categories
(Arctic and Boreal). SIE: Maximum total sea ice extent. FI: Maximum fast ice. DI: Maximum
drift ice. df: degrees of freedom. AIC: Akaike Information Criterion. AAIC: difference in AIC
from the model with the lowest AIC. Bold characters give the models that received a better
support (AAIC >2) than the null model.
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Relationship between maximum sea ice extent (in percentage) and the body condition of Boreal (A, C) and Arctic (B, D) seabirds breeding in
Kongsfjorden, Svalbard. Max.DI, Maximum drift ice; Max.Fl, Maximum fast ice. Plain lines correspond to estimated relationships from a general
additive mixed model with associated 95% confidence intervals. Dots correspond to average body condition with standard error.

Kongsfjorden. Temporal changes in BCI can reflect shifts in prey
availability, ecosystem productivity, and thus environmental
conditions (Montevecchi, 1993; Einoder, 2009). Sea ice has been
shown to influence the body condition of several seabird species
(e.g., Jean-Gagnon et al.,, 2018; Amélineau et al., 2019). However,
the relationship between sea ice and body condition in seabirds is
complex and can be influenced by factors such as sea ice structure
(e.g., landfast ice and drift ice), primary and secondary productivity
of the ice (Kohlbach et al., 2017; Koch et al., 2023), and the foraging
strategies of the species (Amelineau et al., 2016).

We found that the body condition of seabirds breeding in
Kongsfjorden is not significantly associated with total sea ice
extent, but did have a significant relationship with landfast and
drift ice, though the direction of this relationship differed between
Arctic and boreal species. As predicted, both landfast and drift ice
had an overall positive effect on the BCI of endemic Arctic species.
Drift ice exhibits a positive linear relationship, whereas the
relationship between BCI and landfast ice appears to be less
straightforward, with a relatively stable BCI up to 50% coverage
followed by a positive relationship thereafter. While limited in
Konsfjorden, landfast and drift ice have distinct biological
characteristics (Arrigo, 2017). Landfast ice should accumulates
more algal biomass, but drift ice supports greater primary
production (Arrigo, 2014; Arrigo, 2017). This suggests that
zooplankton consumption might be higher in drift ice, making it
a prey source for higher trophic levels (Thomas, 2017).

The impact of sea ice on seabird body condition is also
influenced by the life history characteristics and foraging
strategies of the species. Some seabird species may exhibit
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adaptive foraging behaviours and switch to alternative prey
sources when sea ice conditions change, while others may rely
more heavily on a specific prey species directly affected by sea ice
variations. Studies conducted in the Western Antarctic Peninsula
have documented significant population declines of key species,
including Antarctic krill, silverfish, and Adélie penguins, in
response to decreasing sea ice extent (Trivelpiece et al, 2011).
Conversely, some species like salps or gentoo penguins appear to
benefit from the loss of sea ice, possibly due to their greater
adaptability in finding food sources (Forcada, 2008; Massom and
Stammerjohn, 2010). Our study suggests that boreal species may be
only partially dependent on ice-associated prey, coupled with a
greater ability to flexibly switch to alternative prey sources. For
example, a study of the diet of Kongsfjorden kittiwakes showed a
decrease in consumption of Arctic prey (i.e. ice-associated prey) in
recent years concurrently with the emergence of new Atlantic prey
in their diet (Vihtakari et al., 2018). However, despite a potentially
greater dietary flexibility, our results still indicated that landfast ice
and drift ice may impact the body condition of boreal species. Our
results also revealed an intriguing pattern in which the effect of sea
ice appeared to be reversed depending on the type of ice studied.
Drift ice had a bell-shaped effect on the body condition of boreal
species, while landfast ice had a U-shaped effect. The mechanisms
underlying the relationship between boreal species and the two
types of sea ice remain unclear.

Overall, our results suggest that the two types of sea ice may
play different roles in the availability of food resources. Additionally,
the total sea ice extent (landfast plus drift ice), has no detectable
effect on seabird condition. This suggests that the effects of a specific
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type of sea ice may be masked by the use of a non-specific sea ice
variable, and highlights the need for research that considers
different types of sea ice to determine the effects of sea ice
changes on wildlife.

Limitations, implications and
research avenues

The sea ice system in Kongsfjorden is heavily influenced by the
advection of Atlantic waters. Sea ice in Kongsfjorden, regardless of its
type, primarily originates from local sources and is associated with
relatively low biomass. The differences between landfast- and drift ice
in this fjord, remain small which may limit our ability to directly
extrapolate our results to other ice systems. Furthermore, our study
being correlational, we cannot firmly conclude that the sea-ice effects
observed here represent causal relationships. It could be that sea-ice
changes in Kongsfjorden are simply a proxy of a larger scale
phenomenon that would be the true driver of the observed changes
in seabird condition. Further studies linking bird foraging behaviour,
prey biomass and sea-ice conditions in the fjord would be needed to
confirm whether or not sea-ice changes in Kongsfjorden explain, at
least partly, changes in seabird condition. It is also important to
contextualize our findings by considering the size of sea-ice effects.
Despite the statistical significance of our results, the impact of sea ice
on the BCI, as measured in this study, appears to be relatively small.
For example, a 30% increase in drift ice cover in Kongsfjorden would
only increase the BCI of Arctic species by 0.008 points. For species
such as the little auk, which weighs on average 150 grams, this
increase would correspond to a mere 3-gram gain, and for larger
species such as the glaucous gull, which weighs on average 1400
grams, the increase would be around 16 grams. These modest effect
sizes suggest that sea ice may not be a major driver of BCI variability
among seabirds breeding in Kongsfjorden. Moreover, it is worth
noting that our study focused on breeding birds, which are typically
individuals in good body condition at the start of the breeding season.
Individuals most affected by sea ice changes may have skipped
breeding, which would thus bias the sample of individuals included
in our study and underestimate the real effects of sea-ice changes.

Until now, most sea ice monitoring has been carried out from
satellites, which severely limits our understanding of sea ice
structure. It is difficult to determine the exact nature of the sea ice
from “above”. While we recognise that wider sea ice conditions
beyond our study area can have a significant influence, our
localised, direct observations aim to identify specific sea ice
features that are important for bioindicators such as seabirds.

Conclusions

Our study provides new insights about the relationship between sea
ice and top or meso predators breeding in the high Arctic, the region
where the changes in sea ice are the most significant and have far-
reaching effects on the entire Arctic ecosystem (Lannuzel et al.,, 2020).
It sheds light on the complex connections between sea ice, prey
availability and seabirds. By separately examining the effects of drift
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ice, landfast ice, and total sea-ice extent on seabird body condition,
our analyses showed that the effects of sea ice vary depending on the
ice variable considered. Importantly, the use of a general variable
like total sea-ice extent did not capture the effects of specific types of
sea ice on seabirds. These findings demonstrate the significance of
considering the changes and variability of the distinct components
that constitute the sea ice zone. It is not merely a question of
treating the sea ice zone as an undefined mass bounded by an ice
edge. The effects of changes in different types of sea ice described
above highlight the need to consider specific sea ice variables when
assessing their effects on the wider ecosystem.
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