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The Arctic experiences a rapid retreat of sea-ice, particularly in spring and summer, which may dramatically affect pagophilic species. In recent years, the decline of many Arctic seabird populations has raised concerns about the potential role of sea-ice habitats on their demography. Spring sea-ice drives the dynamics of phytoplankton blooms, the basis of Arctic food webs, and changes in spring sea-ice have the potential to affect the demographic parameters of seabirds through bottom-up processes. To better understand the effects of spring sea-ice on Arctic seabirds, we investigated the influence of spring sea-ice concentration on the survival and breeding success of three seabird species with contrasted foraging strategies in two Svalbard fjords in the high Arctic. We examined these relationships using long-term demographic data (2005–2021) from black-legged kittiwakes (Rissa tridactyla), Brünnich guillemots (Uria lomvia), and little auks (Alle alle). Spring sea-ice concentration was positively related to both the survival and breeding success of little auks, suggesting a higher sensitivity of this species to spring sea-ice. By contrast, the two other species were not particularly sensitive to changes in spring sea-ice, even though a potentially spurious negative effect on the breeding success of black-legged kittiwakes was observed. Overall, the study suggests that spring sea-ice may be involved in the demography of Arctic seabirds, but probably does not play a major role.

KEYWORDS
 Rissa tridactyla, Uria lomvia, Alle alle, survival, breeding success, sea-ice concentration, Svalbard


Introduction

The Arctic is warming at a higher rate than any other region in the world (Jansen et al., 2020). This resulted in a dramatic decrease in the concentration, extent, volume, and duration of the sea-ice season (Zhang, 2005; Serreze and Barry, 2011). Sea-ice extent has been decreasing in all seasons, but especially in the summer (Cai et al., 2021). Multi-year ice is being replaced by first-year ice and summer sea-ice is expected to disappear completely in the Arctic by mid-century (Stocker et al., 2013). The global contraction of sea-ice alters the habitats of ice-dependent organisms (e.g., Perrette et al., 2011; Will et al., 2020; Florko et al., 2021) and may lead to changes in primary production (Van Leeuwe et al., 2018), in the timing of biological events (e.g., plankton blooms; Arrigo et al., 2008; MacNeil et al., 2010; Gibson et al., 2020), and in the distribution and abundance of multiple species such as extension ranges of southern organisms (e.g., Wassmann et al., 2011; Fossheim et al., 2015; Vihtakari et al., 2018; Węsławski et al., 2018; Tarling et al., 2022). All these changes threaten the viability of ice-dependent meso- and top-predator populations, including seabirds and marine mammals, which may not be able to adapt quickly enough to these environmental changes (e.g., Divoky et al., 2021).

Since the last decades to more recent years, several Arctic seabird populations have shown a marked decline (e.g., Gilchrist and Mallory, 2005; Descamps et al., 2017; Strøm et al., 2020; Descamps and Strøm, 2021), and climate change is often considered to be an important driver of these population trajectories. However, few studies have looked at the impact of sea-ice on these populations, and especially on their demographic parameters, although this appears crucial to determine the mechanisms involved in these declines (but see, Moe et al., 2009; Ramírez et al., 2017; Amélineau et al., 2019; Gutowsky et al., 2022). In addition, demographic responses to variations in sea-ice conditions can be species-specific (Descamps and Ramírez, 2021), as different seabird species exhibit a wide range of food preferences or foraging behaviors that can lead to greater or lesser sensitivity to environmental changes (Burr et al., 2016; Poloczanska et al., 2016; Descamps et al., 2019). Seabird populations can be affected by changes in sea-ice, in particular through a variety of bottom-up processes that may influence their survival, breeding probability, or breeding success (Ramírez et al., 2017; Descamps and Ramírez, 2021). In that context, spring sea-ice plays a key role in resource availability for seabirds during the breeding season by driving the dynamics of phytoplankton blooms, the basis of Arctic food webs (Leu et al., 2011).

In long-lived species, such as seabirds, adult survival has a strong influence on population growth rate, and a small change in survival can strongly affect the overall population dynamics (Caswell, 2000; Sæther and Bakke, 2000). In this context, the demographic buffer (or canalization) hypothesis predicts that adult survival should be characterized by a small temporal variance (Gaillard et al., 2000; Hilde et al., 2020). This has led to the expectation that survival is “protected” from environmental stochasticity (Morris and Doak, 2004), and that only the worst conditions may have a significant impact on survival. The winter season is generally characterized by harsh weather conditions and limited food availability, and has been suggested to be the period during which most deaths occur in seabirds (Lack, 1954; Barbraud and Weimerskirch, 2003; Gilchrist and Mallory, 2005; Frederiksen et al., 2008; Sæther et al., 2016). However, winter environmental conditions may not always be the main and only driver of adult survival, and very few studies have investigated the effects of other periods (i.e., post- and pre-breeding migration or breeding period; Franke et al., 2011; Jenouvrier, 2013; Hovinen et al., 2014).

Here we used long-term data (2005–2021) of three of the most common Arctic seabird species, breeding on a high Arctic archipelago, to explore their demographic responses to changes in spring sea-ice concentration. We focused on the Brünnich guillemot Uria lomvia, the little auk Alle alle, and the black-legged kittiwake Rissa tridactyla, which are characterized by contrasted foraging strategies: the Brünnich’s guillemot is a diving species, feeding mainly on fish up to 200 m depths (Mehlum and Gabrielsen, 1993; Falk et al., 2000; Elliott and Gaston, 2008); the little auk also feeds underwater, at depths up to 35 m, and almost exclusively on crustaceans (Karnovsky et al., 2011; Møller et al., 2018); and the black-legged kittiwake (hereafter kittiwake), is a surface feeder, that targets small fish and zooplankton (Vihtakari et al., 2018). In the high Arctic, Brünnich guillemots and kittiwakes forage on ice-associated fish, such as polar cod Boreogadus saida (Mehlum and Gabrielsen, 1993; Vihtakari et al., 2018), and their population dynamics have already shown positive associations with sea-ice extent (Descamps and Ramírez, 2021). The little auk, the only exclusively zooplanktivorous seabird in the North Atlantic which feeds mainly on lipid-rich copepods Calanus glacialis (Lønne and Gabrielsen, 1992; Descamps et al., 2022), has also shown a strong association with sea-ice (e.g., Jakubas et al., 2012; Amélineau et al., 2019). However, we currently lack detailed information on the effects of sea-ice on demographic parameters, like survival and breeding success.

Our primary objectives were to quantify the potential effects of changes in spring sea-ice concentration on adult survival and breeding success in these three species. Since adult survival is a canalized trait that generally exhibits limited temporal variation (Caswell, 1989; Stearns, 1992), we predicted a limited effect of sea-ice concentration on survival, and a more pronounced effect on breeding success. We also expect differences between species according to their dependence on sea-ice. Brünnich’s guillemot and little auk are endemic species exclusively distributed in the Arctic, whereas kittiwakes have a larger distribution range and are also common in northern temperate environments (Descamps and Strøm, 2021). Assuming that these large-scale distributions indicate the extent to which the species is tolerant to less Arctic conditions, and thus to a loss of sea-ice, we predicted that variations in sea-ice concentration would have a stronger effect on Brünnich’s guillemots and little auks when compared to kittiwakes.



Materials and methods


Study site and species

The study was carried out between 2005 and 2021, in Kongsfjorden and Isfjorden, two fjords located in western Spitsbergen, Svalbard (Figure 1). The little auk is a small alcid (ca. 160 g), nesting in areas with talus slopes. The females lay a single egg in early to mid-June, which is incubated for around 30 days; the chick is then reared for around 27 days (Wojczulanis-Jakubas et al., 2009, 2020). The Brünnich’s guillemot is a large alcid (ca. 1,000 g) that breeds on cliffs. The females lay a single egg in late May/early June and incubation lasts 33 days on average, then adults feed their chicks for 15–30 days at the nest site before the young birds depart to sea (Birkhead and Nettleship, 1987). The kittiwake breeds on cliffs, and on Svalbard, females typically lay one or two eggs in early June, incubated for approximately 27 days; the chicks are then reared for around 43 days (Barrett, 1980). In all three species, females and males share the incubation and chick-rearing duties.

[image: Figure 1]

FIGURE 1
 Study area at Spitsbergen (Svalbard, Norway). The red squares indicate the fjord locations. The shaded rectangle on the western coast of Spitsbergen represents the area from which the long-term time-series (1988–2018) of maximum sea-ice concentration data was extracted to evaluate the relationship between sea-ice conditions and seabirds’ population. For illustrative purposes, we include background colors pinpointing the seasonal ice zone. Dark blue indicates open water, the lighter the gradient the higher the concentration of sea-ice. White cells along the coastline indicate no data on sea-ice.




Survival and reproduction monitoring

Capture-mark-recapture data were collected annually during the breeding period (mid -June to late July), in both fjords. Brünnich guillemots and little auks were monitored from 2005 to 2021 in Isfjorden (n = 449 ringed guillemots at the Diabasodden colony and n = 621 ringed little auks at the Bjørndalen colony) and from 2006 to 2021 in Kongsfjorden (n = 253 ringed guillemots at the Ossian sarsfjellet colony and n = 791 ringed little auks at the Feiringfjellet colony). Kittiwakes were monitored from 2008 to 2021, in both Isfjorden and Kongsfjorden (n = 258 and n = 1,317 at the Grumantbyen and Krykkjefjellet colonies, respectively). Guillemots and kittiwakes were captured from their nest during incubation and chick rearing, using a noose pole. Little auks were captured randomly in the colony using passive traps (noose carpets). A few non-breeding birds may have been captured and ringed, but as captured occurred during chick rearing only, we are confident that the vast majority of birds were breeders.

Nest monitoring to obtain breeding success data has been carried out in Isfjorden, from 2005 to 2021, for little auks, and from 2008 to 2021, for kittiwakes, and in Kongsfjorden, from 2011 to 2021, for Brünnich’s guillemots. Annually, a sample of nests (average of 53 ± 12 SD, 39 ± 14 SD, and 47 ± 16 SD for guillemots, little auks, and kittiwakes) have been visited approximately twice a week to assess the nest status and content. Due to logistical constraints, nest monitoring could not have been carried out until the chicks had fledged; we defined successful nests as nests where the chick (or at least one chick for the kittiwakes) had survived until 15 days of age.



Sea-ice data

Daily sea-ice concentration was determined from an AMSR-E and AMSR-2 derived data set provided by the Institute of Environmental Physics, University of Bremen, Germany (Spreen et al., 2008). The data consists of the ice concentration at the highest possible grid resolution of 3.125 km. The maximum daily sea-ice concentration from April to June was selected for each year, from 2003 to 2021. Daily sea-ice concentration data were averaged from a fixed marine area that was assumed to encompass the main foraging areas of the three species, during the pre-breeding and breeding seasons (see Descamps and Ramirez, 2021 for details). Although this area is probably larger than the one used by birds during part of the breeding season like chick rearing (Ramírez et al., 2017; Bertrand et al., 2021), the general dynamics of sea ice changes in this large area is similar to the one in smaller areas centered around the colonies (see Descamps and Ramirez, 2021 for details). Moreover, the maximum spring sea-ice concentration is strongly correlated with average spring sea-ice and the maximum annual sea-ice, and thus provides a good proxy of the general sea-ice conditions (Descamps and Ramirez, 2021). We assessed the temporal trend in maximum spring sea-ice concentration using linear models (lm function in R software version 4.1.2, R Core Team, 2022). This analysis was not intended to provide new evidence for the decline of Arctic sea-ice, a well-known trend, but was a necessary support for further analyses and interpretation of the results.



Survival analysis


General model

First, we constructed single-state capture-mark-recapture models for each species separately, which provided unbiased demographic estimators by taking into account imperfect detectability of marked individuals (Lebreton et al., 1992). Capture histories were coded considering two events corresponding to field observations: 0 = not observed, 1 = observed. The general models were the extended Cormack-Jolly-Seber (CJS) models, in which the survival (Φ) and recapture (p) probabilities were time and colony dependent (i.e., modeled as [image: image], where c represents the colony and t the time; Lebreton et al., 1992). This method does not separate permanent emigration from mortality and only estimates apparent survival. However, the three species studied show very high colony fidelity and the assumption that apparent survival reflects actual survival is robust. To test that the data met the model assumptions, we performed goodness of fit (GOF) tests for single state models using the software U-Care (v3.3, Choquet et al., 2009a). The overall GOF test of the CJS models indicated a clear lack of fit for all species, mostly caused by significant transience and trap dependence (significant test components 3.SR and 2.CT; Supplementary Table A1). Test 2.CT tests the hypothesis that there is no difference in the probability of being recaptured at occasion t + 1 between those who were captured at occasion t and those who were not. Test 3.SR tests the hypothesis that there is no difference between previously and newly tagged individuals caught at time t in their probability of being recaptured later. To deal with trap dependence, we used the Pradel and Sanz Aguilar approach, which considers immediate trap-dependence based on a multi-event framework (see details in Pradel and Sanz-Aguilar, 2012). Transience was dealt with by considering two age classes in survival (age being defined as the number of years following the first capture): survival in the year following the first capture, and subsequent survival (i.e., survival of non-transient individuals; Pradel et al., 1997). We then accounted for the remaining heterogeneity by scaling model deviance using an overdispersion parameter ([image: image], computed after discarding the 3.SR and 2.CT components, by dividing the chi-square statistic by its degrees of freedom), and based the model selection on the quasi-likelihood Akaike Information Criterion adjusted for small sample size (QAICc, Anderson and Burnham, 1999).

Second, we performed a model selection (for each species separately) using program E-SURGE (v.2.2.3, Choquet et al., 2009b) to obtain a reference model (also called “a parsimonious model,” see Anderson et al., 1994) to test for the effects of sea-ice on survival. If ΔQAICc (i.e., the difference in QAICc between two models) was <2, the models are deemed to have equal statistical support and in case of nested models, the simplest was preferred. We started to model the recapture probabilities and then the survival probabilities, and tested whether they varied among years and/or colonies. During the selection process we kept the survival of the fist age class (i.e., transient individuals) fully parameterized (i.e., time and colony dependent).



Temporal trend and sea-ice effect on survival

We used the reference model structure obtained in the previous step to test whether the survival in the different species and colonies showed a temporal trend during the study period and whether survival was affected by the inter-annual changes in maximum spring sea-ice concentration. For all three species, the reference models did not include any colony effect (see Supplementary Table A2) indicating that their survival did not differ among fjords. Consequently, we analysed both fjords simultaneously for each species when testing for a trend or sea-ice effects.

To identify the trend (if any) in seabird survival, we only considered a linear trend to avoid making the models too complex. Then, we tested for an effect of spring sea-ice maximum concentration on adult survival. We considered a direct effect of sea-ice as well as a lagged effect with a one-to-three-year lag, depending on the species. Sea-ice may have a delayed effect on seabirds, depending on the life cycle of the prey and the stage at which it is consumed (i.e., larvae, juveniles, or adults). The associations between sea-ice, prey availability, and the foraging activities of ice-associated species are complex and poorly understood. We thus tested for several time lags for each species, to explore several potential mechanisms. For Brünnich guillemots and kittiwakes we considered a time-lag from 1 to 3 years, as they feed preferentially on polar cod between 1 and 3 years of age (Mehlum and Gabrielsen, 1993; Vihtakari et al., 2018). For little auk we considered a time-lag from 1 to 2 years, as the life cycle of C. glacialis extends over 2 years (Kwasniewski et al., 2003). Relationships between the covariates and survival were fitted using a logit link function: [image: image] where Φ is the (apparent) adult survival between t−1 and t, [image: image] is the intercept, [image: image] is the slope, and [image: image] is the value of the covariate (sea-ice or linear trend) at year t. We then performed an analysis of deviance (ANODEV), (Grosbois et al., 2008), to assess the fit of a covariate model relative to that of the constant and the time-dependent models and to test the significance of each relationship. This ANODEV statistic was calculated as:

[image: image]

where J is the number of parameters involved to explain the relationship between the demographic parameter and the covariate, n is the number of parameters estimated by the time-dependent model for the demographic parameter, Mcov is the covariate model, Mt. is the time-dependent model, and Φcst is the constant model.

The proportion of deviance explained by the covariates (Skalski, 1996) was estimated as:

[image: image]

In case of co-occurrence of a temporal trend in both survival and sea-ice, a significant relationship between these two parameters could be spurious and not represent a real causal relationship. We thus tested whether sea-ice explained a significant fraction of the inter-annual variation in survival independently of any potential linear trend (i.e., by keeping a linear trend in the model).




Breeding success analysis


Temporal trend and sea-ice effect on breeding success

In a first step, we assessed the temporal trend in breeding success for each species separately, using a generalized linear mixed model (GLMM), with the nest as a random factor to take into account the lack of independence (i.e., repeated measures) at the nest level (glmer function, lm4 package). Our breeding success proxy was binary (0: failure, 1: success), thus we used a binomial error distribution and a logit link function. As for the survival analysis, we considered only linear effects. Details about residuals’ distribution for the binomial regression model (using the deviance residuals for model checking) are available in Supplementary material (Figures A1, A2, and A3). In a second step, we analysed the effects of sea-ice, with and without a time-lag, on breeding success using GLMMs (glmer function, lm4 package) with the nest as a random factor to take into account the lack of independence at the nest level (for kittiwake and guillemot), and with year as continuous predictor to take into account the potential temporal trend. To assess the effect of the trend and sea-ice covariates, we compared the different models using AICc (Burnham and Anderson, 2002). If the difference in AICc values between two models was <2, the models had equal statistical support, and in the case of nested models, the simplest model was preferred. All breeding success analyses were performed in R (version 4.1.2, R Core Team 2022).





Results


Trends in maximum spring sea-ice concentration and demographic parameters

The maximum spring sea-ice concentration in West Spitsbergen showed significant inter-annual fluctuations and declined significantly from about 45 to 30% in our study area between 2003 and 2021 (Figure 2G).

[image: Figure 2]

FIGURE 2
 Long-term trends of demographic parameters of Brünnich guillemot (A,B), black legged kittiwake (C,D), little auk (E,F) and maximum sea-ice concentration (G) in West Spitsbergen (Svalbard archipelago, Norway). Survival was estimated from a time-dependent model with standard error. Plain line and shaded areas represent the estimated trajectory from the significant regression selected and its associated 95% confidence interval.


The survival of kittiwakes did not show any significant linear trend (average of 0.83 ± 0.01 SE; Supplementary Table A3, Figure 2C). Even though Brünnich guillemots showed lower survival in recent years (0.80 ± 0.08 SE on average in the last 4 years) compared to earlier years (0.90 ± 0.04 SE on average), a model including a linear trend was not preferred over a model with constant survival (Supplementary Table A3, Figure 2A). Survival of little auks showed a significant linear decline from 0.86 (±0.02 SE) to 0.70 (±0.04 SE) over about 15 years (2005–2021; Figure 2E).

Kittiwakes’ breeding success showed a linear trend over time with a decline from 0.66 (±0.02) to 0.32 (±0.02; Supplementary Table A4, Figure 2D). Little auk and Brünnich guillemots’ breeding success did not show any significant linear trend during our study period (Supplementary Table A4, Figures 2B,F).



Effect of maximum spring sea-ice concentration on demographic parameters

The effects of maximum sea-ice concentration, with and without time-lags, on survival are summarized for each species in Table 1. We did not find any effect of maximum spring sea-ice (with and without lag) on guillemot and kittiwake survival (Table 1, Supplementary Figure A5). In little auks, however, adult survival was positively and significantly associated with the maximum spring sea-ice concentration with no lag (slope: 0.24 ± 0.09, Table 1, Figure 3, Supplementary A5). This effect shows that a 15% decrease in sea-ice concentration was associated with a 10% decrease in survival. However, this apparent sea-ice effect on little auk survival might be the result of the co-occurrence of a linear trend in both parameters. After adjusting the survival for a linear trend in the model, the effect of sea-ice was indeed no longer significant (ANODEV: F-statistic = 0.52, value of p = 0.482).



TABLE 1 Results of the ANODEV from the models testing for the effects of maximum sea-ice concentration with and without time-lag on survival probability of Brünnich guillemots, little auk, and black legged kittiwake breeding in west Svalbard, over the study periods.
[image: Table1]
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FIGURE 3
 Survival of little auk modeled as a function of maximum sea-ice concentration (max. SIC, plain line) with 95% confidence intervals and annual estimates obtained from the time dependent model (filled circles) with standard error.


The effects of maximum sea-ice concentration, with and without time-lags, on breeding success are summarized for all three species in Table 2. In kittiwakes, breeding success was negatively affected by the maximum spring sea-ice (without a lag, and with a three-year lag; Table 2, Figures 4A,B, Supplementary A6). These models showed a decrease in breeding success from about 0.74 for a 25% sea-ice concentration to 0.60 for a 40% sea-ice concentration. In little auks, we observed a positive association between maximum sea-ice concentration with a two-year lag and breeding success (Table 2, Figure 4C, Supplementary A6). These models showed an increase in breeding success from about 0.60 for a 25% sea-ice concentration to 0.90 for a 60% sea-ice concentration. In Brünnich guillemots, we found no effect of the maximum sea-ice concentration with or without lag on breeding success (Table 2, Supplementary Figure A6).



TABLE 2 Results of the model testing for the effect of sea-ice concentration with and without time-lag on breeding success of Brünnich guillemot, black legged kittiwake, and little auk breeding in west Svalbard, over the study period.
[image: Table2]
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FIGURE 4
 Relationship between maximum sea-ice concentration (max. SIC) with or without a lag (lag 2 = 2 years, lag 3 = 3 years) and breeding success probability of kittiwakes (A,B) and little auk (C) in Isfjorden (west Svalbard). Plain lines correspond to estimated relationships from a linear model considering the detrended time-series with associated 95% confidence intervals. Dots correspond to residuals from the time-series adjusted for their trends with standard error.





Discussion

In this study we provide elements to decipher the role of spring sea-ice on seabird demography through two vital rates (adult survival and breeding success) and thus provide new insights on the role of sea-ice in driving the trajectories of high Arctic seabird populations. Our results showed that both adult survival and breeding success of little auks were positively associated with the maximum spring sea-ice concentration. In kittiwakes, we did not detect any effect of sea-ice on adult survival, but breeding success was apparently negatively associated to sea-ice. In Brünnich guillemots, we did not detect any effect of sea-ice on adult survival and breeding success.


Potential mechanisms linking sea-ice changes and seabird vital rates

The mechanisms driving the relationship between sea-ice and seabird vital rates are likely related to bottom-up processes (Jenouvrier, 2013; Descamps et al., 2017). Sea-ice characteristics (e.g., concentration, extent, and thickness) are largely affected by wind and temperature (Stammerjohn et al., 2008; Persson and Vihma, 2017). These sea-ice characteristics, together with other factors such as water column stratification, determine the availability of nutrients and light for primary producers (Pabi et al., 2008). In turn, primary producers affect the abundance of Arctic fish and crustaceans, the main prey of Arctic seabirds. This simplified causal pathway provides an overall understanding of the relationship between sea-ice and seabirds. However, these relationships are likely much more complex, they can be delayed in time due to the life cycles of the various prey species, which can extend over several years and lead to time-lags between changes in environmental conditions and their consequences at upper trophic levels. They can also have non-linear effects (e.g., Doak and Morris, 2010; Desprez et al., 2018). For example, Iles et al. (2020) tested the hypothesis of optimal sea-ice conditions on the dynamics of several Adélie penguin (Pygoscelis adeliae) populations at the scale of the Antarctic continent. Their analysis confirmed that Adélie penguin habitat is strongly determined by sea-ice conditions, with average penguin population growth being a non-linear function of average winter sea-ice concentration. Longer time-series for Arctic seabird populations would be needed to assess such potential non-linear effects of sea-ice on seabird demography, which stresses the importance of maintaining existing monitoring programs in the Arctic.

Our study partly supports the hypothesis that bottom-up processes may be involved in the relationship between sea-ice and Arctic seabird demography. We did not detect any effect on Brünnich’s guillemot survival or breeding success, but we found a positive effect of sea-ice with a lag of 2 years on the breeding success of little auks. In Svalbard, the little auk feeds mainly on large, energy-rich copepods (C. glacialis, stages CV; Descamps et al., 2022) whose life-history is affected by sea-ice (Ershova et al., 2021). Annual sea-ice concentration affects the abundance of early life stages of copepods (CI-CII) which are present in spring (May–June; Ershova et al., 2021). Thus, after a two-year lag, the abundance of the CV stage of C. glacialis (the main prey of the little auk) could also be affected. Our results, showing a positive effect of sea-ice with a two-year lag on little auk breeding success, are consistent with this mechanism. However, the positive effect of sea-ice with no lag observed on little auk survival is harder to interpret and might suggest that other mechanisms are involved. This result could also be spurious and originate from the co-occurrence of a linear decline in little auk survival and spring sea-ice. In kittiwakes, the observed negative relationship between sea-ice and breeding success seems mostly affected by 2 years (2013 and 2014) where breeding success was extremely low. This low breeding success in 2013 and 2014 was probably the consequence of a high predation rate by glaucous gulls (Larus hyperboreus) as well as many nests falling off the ledges (S. Descamps, unpubl. data). The negative association between kittiwake breeding success and spring sea-ice may thus very likely be spurious. Longer time-series would be needed to confirm, or deny, such relationship.

Overall our study was based on relatively short time-series (i.e., 2011–2021 for guillemots breeding success), which may not provide the statistical power needed to assess the effect of sea-ice on seabirds’ adult survival and breeding success. Our interpretations should therefore be taken with caution. Except for the positive effect of sea-ice on little auk breeding success, we found no clear evidence that sea-ice plays a major role in the demography of these species. In our study, sea-ice explains, at best, only a small proportion of the observed inter-annual changes in seabird demography. This is consistent with earlier results linking sea-ice and seabird population dynamics (Descamps and Ramirez, 2021). This study showed that the effect of sea-ice on guillemot and kittiwake population size, although significant, explained only a very small proportion of the changes. Sea-ice may therefore be important (see Gaston et al., 2012; Smith and Gaston, 2012), but it is clear that other factors more important than maximum sea-ice in spring appear to be at play here. For example, the availability of food resources in west Spitsbergen also depends on the advection of Atlantic water (Hop et al., 2019). Indeed, such Atlantic water inflow in west Spitsbergen fjords strongly affects both the amount and composition of the prey available to seabirds (e.g., Vihtakari et al., 2018; Descamps et al., 2022). Productivity in the fjords can also be affected by other processes like glacier discharge (Lydersen et al., 2014). Indeed, freshwater discharge from tidewater glacier fronts can affect the local prey availability and create foraging hotspots for seabirds (Bertrand et al., 2021).



Implication

As expected by the demographic buffer hypothesis, our analyses did not detect any strong effect of spring sea-ice concentration on the survival of Brünnich guillemots and kittiwakes. In contrast, little auk survival may be affected by changes in spring sea-ice (assuming that the detected effect is not spurious). This would be coherent with previous results found in the same population suggesting that little auk survival was affected by summer environmental conditions (Hovinen et al., 2014; Descamps et al., 2022). Indeed, Hovinen et al. (2014) suggested an effect of sea surface temperatures during the breeding season of the preceding year on little auk survival, even though the time-series used was relatively short (8 years) and the results mainly driven by 1 year with high SST values. Descamps et al. (2022) found that wintering in the same area was not sufficient to synchronize adult survival among different little auk populations, suggesting that survival was also affected by the conditions encountered during the rest of the year. Our results may support this conclusion by showing a relationship between spring sea-ice and little auk survival, thus highlighting the effects of environmental conditions during the breeding season.

Our result about seabird survival can also be interpreted in the context of the “tap/tub hypothesis” (Sæther et al., 2004). The “tub” hypothesis considers that fluctuations in population size are closely related to climate variation during the non-breeding season because the climatic conditions of this season determine the number of birds that survive. The “tap” hypothesis predicts that the annual variation in population size is related to climatic conditions during the breeding season, as this will influence the influx of new recruits into the population the following year. In seabirds, both effects may be relevant, but the “tap” effect seems more common (Sandvik et al., 2012). However, the hypothesis initially defined does not mention any effect of climatic conditions during the breeding period on survival. Our results could refine this hypothesis by providing an empirical example of an environmental variable acting during the breeding season and affecting adult survival.




Conclusion

This study provides a new understanding of the effects of sea-ice on Arctic seabirds breeding in Svalbard, a region where sea-ice changes profoundly alter ecosystems (Descamps et al., 2017) and where some seabird populations are in steep decline (Strøm et al., 2020; Descamps and Strøm, 2021).

Our results indicate a potential higher sensitivity to spring sea-ice in little auks with observed effects on breeding success and perhaps survival, while no effect is shown in guillemots, and the relationships observed in kittiwakes is probably spurious. However, to better understand the mechanisms involved and to confirm or invalidate these results, further studies with longer data sets focusing on the effect of sea-ice changes on the main prey of Arctic seabirds may be needed. Furthermore, including other demographic parameters (i.e., breeding probability, juvenile recruitment) would greatly improve our understanding of the effects of climate-related variables on population dynamics, but data on such parameters are difficult to obtain. Overall, based on our current knowledge, our results suggest that spring sea-ice may be involved in the demography of Arctic seabirds, but does not play a major role.
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Seaviceis 5488.42 2 327 0.09 052
Seavice 9425.827 2 1013 0.007 042
Little auk Sea-iceny 9436973 2 143 025 0.09
Seavicen 9432508 2 403 0.064 022

Dev: deviance. J: number of parameters describing the relationship between the survival and the covariate. ANODEV is the F-statistic (Fy,.u») testing the null hypothesis that the sea-ice
covariate has no effect on survival. R: proportion of deviance explained by the covariate. Slopes (8,) are on the logit scale. SE: standard error, Allcovariates were standardized. In bold
characters are models for which the specific ANODEV was statistically significant at the level of 5%.
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