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The polymer-facilitated flux of ice algae on Arctic shelves can initiate benthic activity and growth after the nutritionally constrained winter period. Lipid-rich ice algae are readily consumed by benthos and those entering the sediment can benefit deposit feeders. Ice algae assimilated by benthic organisms cascade up multiple trophic levels within the benthic sub-web, re-entering the pelagic sub web through habitat coupling species. Pelagic predators can have significant ice-algal carbon signals obtained from the benthic compartment. Sympagic-pelagic-benthic coupling on Arctic shelves is expected to weaken with ongoing sea-ice change. This review discusses the phenology, quantity, and quality of ice-algal contributions to coupling, linked to thinning snow and ice cover including multi-year ice replacement. Predicting future coupling between marine sub-webs requires focused research that considers trophic markers of multiple carbon sources.
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1 INTRODUCTION
Sympagic-pelagic-benthic (SPB) coupling has a key role in the functioning of pelagic and benthic compartments of Arctic marine ecosystems including the trophic interactions of species (i.e., sub-web) within each compartment (Søreide et al., 2013; Wassmann et al., 2020; Amiraux et al., 2023a). This coupling can support the benthic sub-web for two reasons: i) the vertical export of Arctic primary production is highly pulsative, which can limit degradation processes within the pelagic zone, and ii), over >50% of the Arctic marine area consists of shallow Arctic shelves (e.g., <200 m) where coupling occurs more direct than in deep areas. On the Arctic shelves, ice algae grow attached to and within all ice types, first year (FYI) and multi-year ice (MYI) as well as land fast and pack ice. Sympagic production rapidly transitions from a heterotrophic to a diatom-dominated autotrophic community following the end of the polar night (Mundy and Meiners, 2021; Marquardt et al., 2023). Under scenarios of Arctic environmental change, the export of ice algae to the benthos is expected to be less efficient as a greater proportion of organic matter is predicted to be retained within the water column thereby weakening SPB coupling (Wassmann et al., 2011).
Herein, we present recent (primarily post 2010) assessments of ice algae supply and current insights into the benthic use of ice algae in a time of sea ice change (Figure 1). We acknowledge the importance of ice algae for pelagic diets, including for key species of copepods (Kohlbach et al., 2016; Kohlbach et al., 2021; Koch et al., 2023) and pelagic higher trophic levels such as certain seals (Kunisch et al., 2021; Carlyle et al., 2022) and polar bears (Brown et al., 2018). In this review, we primarily focus on the contributions of ice algae to the benthic sub-web, and the less frequently considered reintroduction of ice algal-derived organic carbon back into the pelagic sub-web. There are significant changes occurring in the Central Arctic Ocean in regards to sea ice and productivity, however, for the purpose of this review, we have chosen to focus on the highly productive shelf seas of the Arctic where there is relatively strong SPB coupling and sea-ice dynamics are shifting rapidly.
[image: Figure 1]FIGURE 1 | In this scenario, future conditions are driven by thinning snow and ice cover that allows light conditions suitable for ice algal and under-ice primary production to occur earlier in the year. Orange and green shading represent ice algal and phytoplankton, respectively, in the euphotic zone (light-blue shading). Numbering is related to the following expected mechanisms of change: 1) increased light availability early in the spring allows for potential co-occurrence of ice algal and under-ice phytoplankton blooms with diminished strength of the spring ice-edge phytoplankton bloom, 2) truncated ice algal bloom could reduce supply (quantity) relative to phytoplankton, and fresher/warmer surface waters could increase algal degradation in the water column reducing the quality of the downward flux, 3) different food sources altering community structure and function, and 4) overall weakened connection between benthic and pelagic food webs due to altered benthic structure.
2 ICE ALGAE SUPPLY – DYNAMICS IN THE ICE AND PELAGIC COMPARTMENTS
2.1 Sea-ice compartment
Ice algae represent a variable and relatively low contribution to total annual net primary production (phytoplankton + ice algae) on productive Arctic shelves in recent periods of sea-ice change (1%–26%, Legendre et al., 1992; Payne et al., 2021). However, the contribution of ice algae to total primary production on Arctic shelves can be significantly higher early in the season when the ice algal bloom occurs prior to an under-ice or spring phytoplankton bloom (e.g., Gradinger, 2009; Hegseth and von Quillfeldt, 2022). From this early season perspective, ice algae can be the primary source of energy for pelagic and benthic consumers and their associated predators (e.g., nearshore amphipods and benthic juvenile polychaetes) (Gradinger and Bluhm, 2010; McConnell et al., 2012; Pitusi et al., 2023). Overall, the relative contribution of ice algal production remains poorly constrained as it cannot be remotely assessed at meaningful seasonal and spatial scales (Lalande et al., 2019; Figure 2).
[image: Figure 2]FIGURE 2 | Conceptual diagram depicting ice algal processes requiring investigation to understand both the present and future significance of ice algae in SPB coupling. Research needs are provided for the sea ice, water column and benthos compartments as well as the re-entry of ice algae to the pelagic compartment (benthos-pelagic connection).
In the sea ice, ice algae are highly concentrated in the bottom 3–10 cm at the ice-water interface and are easily accessible for ice-associated grazers. During the bloom period the ice algal community consists of diatom-dominated assemblages rich in cellular levels of long chain polyunsaturated fatty acids (LC-PUFA) and antioxidant carotenoids (Harwood, 2019; Amiraux et al., 2021a; Amiraux et al., 2022). Ice algal cell quality is sustained by physiological and metabolic adaptations that maintain favorable micro-environments for growth in the ice (Boetius et al., 2015), and through the release of exopolymeric substances (EPS: polysaccharides released by ice algae that accumulate as gels around the cells, Krembs et al., 2002; Riedel et al., 2006) that limit abiotic and biotic degradation of the ice algae. The contribution of ice algae to pelagic and benthic sub-webs may, hence, be best represented by measurements of both biomass and diatom composition, rather than production alone (Lalande et al., 2021).
The quantity of ice algae produced in and released from the ice is expected to increase on Arctic shelves with sea-ice change (Leu et al., 2015; Tedesco et al., 2019; Wassmann et al., 2020). Two climate-related processes, driven by the same mechanism are mainly responsible for that. First, replacement of MYI by FYI, and second, an increase in the number of ice algae growing days. Both processes are mechanistically driven by improved light transmission due to thinner snow-on-ice cover and thinner ice (Lim et al., 2022; Figure 1) that facilitates, a) increased growth of ice algae where previously there was expected light limitation, and b) an earlier start of ice algae growth. Light transmittance represents the amount of photosynthetically active radiation (PAR) reaching ice algae after considering the amount of incoming solar radiation as influenced by atmospheric attenuation and Arctic seasonality (i.e., photoperiod), and loss factors related to different snow and ice properties. Very low light transmission (i.e., 0.014%; Lange et al., 2017, or 0.17 µmol photons m−2 s−1; Hancke et al., 2018) is required for ice algal growth, highlighting their value as a carbon source beyond when phytoplankton are capable of growth.
2.1.1 Multi-year ice replacement
Seasonal and spatial studies of sympagic communities (Leu et al., 2015; Mundy and Meiners, 2021) and modelling of sympagic primary production under climate change scenarios (e.g., Tedesco et al., 2012; Tedesco et al., 2019; Wassmann et al., 2020; Payne et al., 2021) all indicate increased ice algae supply with MYI replacement and eventual complete MYI loss. This shift has already taken place in many locations including the Chukchi Sea shelf (Payne et al., 2021), currently exceeding ice algae lost due to overall decreases in sea ice extent (Lannunzel et al., 2020; Lim et al., 2022). However, comparative field measurements from the Lincoln Sea shelf found similar ice algal biomass, nutritional quality, and net community production at the bottommost layer of MYI and FYI on Arctic shelves (Lange et al., 2015; Kohlbach et al., 2020; Campbell et al., 2022a) such that on the last remaining MYI-dominated shelf region, the Lincoln Sea, MYI replacement may result in little to no future increase in ice algae supply (Lange et al., 2017; Lange et al., 2019; Campbell et al., 2022b) and controlling factors other than light transmission may be highly relevant in this Arctic shelf region. The extent to which ice algal supply increases requires further research. For example, the photophysiology of ice-algal species could result in a shift in ice-algal community composition, resulting in decreased ice algal quality, rather than increased supply with MYI replacement on the Lincoln Sea shelf (Campbell et al., 2022a; Figure 2).
In pack ice with increasing dominance of FYI, ice algal supply could be affected by increased variability of snow cover on FYI relative to MYI (Lange et al., 2019) as well as increased wind-driven formation of ridges or infiltration layers (Fernández-Méndez et al., 2018; Granskog et al., 2020). Increased wind-driven lead formation has been hypothesized to favor ice algal supply from new ice. However, colonizing species (i.e., inoculum), potentially originating from a dwindling MYI source (Olsen et al., 2017), may not be available for new ice production, or the species that are available may not photoacclimate to the high-light conditions of the new ice (Kauko et al., 2017; Kauko et al., 2019; Campbell et al., 2022a).
2.1.2 Increased growing days
The duration (i.e., number of growing days) of ice algae production is a critical factor to understand variability in the quantity and timing of ice algal supply for SPB coupling (e.g., Beaufort Sea shelf, Dezutter et al., 2019; Dezutter et al., 2021; Nadaï et al., 2021, Chukchi Sea shelf, Selz et al., 2018). This duration varies over geographical scales and relates to sea ice decline. It also relates to snow cover as illustrated in pack ice of the Chukchi Sea shelf where ice algal growth started in mid-May and a growth duration of 70 days was recorded under low snow cover (0.02 m). Nearby, in contrast, growth was delayed by 4 weeks and the magnitude of the ice algal bloom was lower and shortened under high snow cover (0.4 m; Hill et al., 2022). These observations support expectations for a longer growth period and consequently higher ice algal biomass as the Arctic ice snow pack becomes thinner reducing light limitation early in the spring (Wassmann et al., 2020). Currently, however, increased ice algae supply due to overall earlier/longer growing season is not strongly apparent. Between 1985 and 2018, days suitable for ice algal growth (see Lim et al., 2022 for details) are estimated to have increased by ≤ 2.5 days decade−1 for the Chukchi, Beaufort and Kara seas, and decreased by < 2 days decade−1 for the Barents Sea and Baffin Bay. In the Barents, a shallow seasonally ice-covered shelf sea, any benefits of thinning ice and snow allowing for earlier ice algal growth may have already been erased by early snow or ice melt that precedes or truncates the ice algal bloom (Leu et al., 2015; Onarheim and Årthun, 2017).
If increased light transmission allows for a longer ice algal growth period, nutrient limitation could be an increasingly limiting factor for ice algal supply and quality (Hill et al., 2022). Gravity drainage during ice growth, turbulent diffusion (Duarte et al., 2022; Hill et al., 2022), and forced convection from tides in coastal regions (e.g., Kitikmeot Sea, Dalman et al., 2019) could contribute to relieving nutrient limitation thereby supporting higher ice algal supply for SPB coupling. The resuspension of remineralized nutrients induced by strong tidal mixing could also reduce nutrient limitation in surface waters of the shallow Siberian shelf (Lalande et al., 2014).
Increasing light and heat transmission will also affect ice algal growth at the scale of brine channels. The warming Arctic air (Rantanen et al., 2022) and subsequent warming of snow and ice will change bulk ice properties (e.g., brine volume and bulk salinity; Wang et al., 2020; Wang et al., 2023) altering connections between brine channels and the distribution of habitable space within the sea ice (Leu et al., 2015; Mundy and Meiners, 2021). For example, in land fast FYI of western Baffin Oziel et al. (2019) detected unexpected homogenous vertical profiles of ice brine, potentially due to an early warming and episodic snow melt event that altered brine volume for the rest of the season. Episodic and seasonal warming could thus affect both habitable space and drive earlier termination of the ice algal bloom (Mundy and Meiners, 2021).
2.2 Pelagic compartment
The release of ice algae into the pelagic compartment can typically be detected from February to July on Arctic shelves (Juul-Pedersen et al., 2008; Lalande et al., 2020; Dezutter et al., 2021; Bodur et al., 2023). Peak periods of release and the eventual complete sloughing of ice algae coincide with snow and ice melt (Oziel et al., 2019; Lim et al., 2022; Figure 1A). With continued Arctic change, it is possible that the number of flux events, prior to complete sloughing, could increase due to temperature fluctuations that lead to intermittent snow melt events (e.g., as observed by Oziel et al., 2019 in western Baffin Bay). SPB coupling is expected to weaken due to shorter periods of intense flux (e.g., on Pacific Arctic shelves, Lalande et al., 2021) and increased recycling of material during flux (Fadeev et al., 2021; Koch et al., 2020a; Dybwad et al., 2022; Figure 1B). However, on Arctic shelves where seasonal, and in particular, land fast ice persist, the strength of SPB coupling has not currently been diminished (Kohlbach et al., 2019; Cautain, et al., 2022).
The flux of intact and repackaged (e.g., fecal pellets) ice algae to the seafloor is mediated by herbivorous meiofauna within the sea ice, grazers immediately under the ice that can access ice algal cells within the bottom ice skeletal layer, and further grazing within the epipelagic and deep waters. These grazers can use the lipid-rich ice algae to help fill their polar-night depleted lipid stores and synthesize membranes composed of polar lipids (Leu et al., 2011; Kunisch et al., 2023). Grazing impact by under-ice/pelagic herbivorous fauna is higher than by sea-ice meiofauna (Kohlbach et al., 2016; Gradinger and Bluhm, 2020; Ehrlich et al., 2021). Coupling to pelagic grazers rather than directly to the benthos is dependent on zooplankton abundance at the time of ice algae release (i.e., potential mismatches, Dezutter et al., 2019; Nadaï et al., 2021) and zooplankton species composition (Ehrlich et al., 2020). Pelagic zooplankton can include meroplankton (i.e., planktonic early life stages of benthic invertebrates) such that sympagic support of benthic species is not limited to processes occurring in the benthic compartment. Meroplankton in the water column can graze on ice algae, benefiting the benthos during these critical early benthic life stages (Stübner et al., 2016; Dezutter et al., 2019).
From multi-year studies with variable sea-ice conditions, it is clear that under-ice and pelagic grazers can take advantage of early ice melt and ice algal release, supporting earlier development of copepod nauplii (Søreide et al., 2010; Søreide et al., 2013; Dezutter et al., 2021). Consequently, for an early ice algae release to successfully bypass pelagic grazers, the timing must extend beyond the natural reproductive and feeding plasticity of the pelagic grazers. It is expected that access to ice algae will continue to influence copepods as a trophic nexus for Arctic food web function (Renaud et al., 2018; Ershova et al., 2021), as pulses of both ice algal and phytoplankton production are critical for zooplankton growth and reproduction (Søreide et al., 2010; Kohlbach et al., 2022; Koch et al., 2023).
When ice algae arrive at the seafloor it is generally of higher quality relative to the phytoplankton flux (McMahon et al., 2006; Figure 1A). The pulsative, rapid, flux of ice algae and associated exopolymeric substances at the time of snow or ice melt (Amiraux et al., 2021a; Salter et al., 2023) can evade grazers (Fadeev et al., 2021; Nadaï et al., 2021) and limit degradation processes within the pelagic zone. Consequently, this material provides substantial nutritional contributions to the Arctic benthic sub-web (Juul-Pedersen et al., 2008; Kohlbach et al., 2019; Yunda-Guarin et al., 2020; Amiraux et al., 2021b). The polymer-facilitated sinking of ice algae beyond the euphotic zone limits abiotic (light-induced) degradation of their cellular compounds. Additionally, the presence of exopolymeric substances around ice algae restricts remineralization by bacteria whose remineralization efficiencies are higher than bacteria in the sea ice compartment (Amiraux et al., 2017; Amiraux et al., 2021b; Rontani et al., 2022).
3 FATE OF ICE ALGAE IN THE BENTHIC COMPARTMENT
3.1 Ice algae use in the benthic compartment
The deposition of ice algae during ice melt allows for the intake of carbon that initiates benthic growth and reproduction after the nutritionally constrained winter period (North et al., 2014). Individual diatom cells, ice-algal aggregates, and ice algae in zooplankton fecal pellets that enter the benthic sub-web during the ice algal bloom can invoke rapid benthic feeding responses due to the early accessibility, concentrated deposition, and the high quality of the ice algal material (Renaud et al., 2007; Amiraux et al., 2021a).
During the ice-covered spring on Arctic shelf areas that have long periods of land fast ice coverage, sea ice-derived carbon can contribute a substantial portion (e.g., >75%,) of the benthic carbon pool in both invertebrates and sediments (Kohlbach et al., 2019; Yunda-Guarin et al., 2020). The high quality of ice algae means they are readily consumed and assimilated by the Arctic benthos (McMahon et al., 2006; Amiraux et al., 2021a). Yet, Arctic shelves can have sedimentary stores of sea-ice carbon created during peak ice algal flux (Koch et al., 2023). Although there is limited information about ice algal storage in sediments of Arctic shelves (Figure 2), sediment samples from the southeast Beaufort Sea shelf indicate the presences of ice associated carbon within the upper 70 mm of sediment, with sedimentation rates of ca. 1 mm y−1. This indicates that burrowing infauna could have year-round access to sea-ice carbon deposited from the last century (Koch et al., 2023). The quality of this ice algal source requires further study.
The responsiveness of benthic organisms to ice algae varies, even among taxa with similar feeding behaviors. Amiraux et al. (2021a) showed that, despite both bivalves, Serripes groenlandicus and Mya truncate, being slow-moving burrowing suspension feeders, their responsiveness to settling primary production differs due to their distinct bioturbation affinities. Unlike M. truncata, which induces diffusive mixing bioturbation (Lacoste et al., 2018) and is expected to ingest a variable and non-negligible quantity of buried organic matter, S. groenlandicus solely consumes settling organic matter and exhibits a high responsiveness to these inputs. Therefore, since S. groenlandicus enables monitoring of SPB coupling, it is regarded as a sentinel of this process (Amiraux et al., 2021a).
Differences in the strength of ice algal signals exist between benthic feeding types as suspension feeders are less reliant on ice algae than deposit feeders (both surface and subsurface; Koch et al., 2020b), likely because the latter can use sediment that may be a reservoir of ice algae material throughout the year. Benthic detritivores can also benefit from utilizing sediments with stores of ice algal material (Amiraux et al., 2021b; Rontani et al., 2022). However, this benefit applies almost exclusively to ice algae exported in aggregate form during peak periods of flux that allow for sequestration/burial. The quality of ice algae exported in fecal pellet form undergoes significant reduction due to grazing and the presence of bacteria from zooplankton, rather than from sea ice, which can effectively degrade the fecal pellet material during sinking (Burot et al., 2021).
3.2 Re-entry of ice algae from the benthic to the pelagic compartment
On Arctic shelves, pelagic and benthic sub-webs share similar structures and complexities, encompassing three to five trophic levels and featuring their respective top predators (Iken et al., 2010; Stasko et al., 2018; Amiraux et al., 2023a). Therefore, the sympagic carbon assimilated by lower trophic level benthic organisms, including deposit or filter feeders, can cascade up multiple trophic levels within the benthic sub-web (Yurkowski et al., 2020; Koch et al., 2021; Amiraux et al., 2023b).
Pelagic and benthic sub-webs are closely linked through habitat coupling species. These species serve as bridges between compartments, facilitating the transfer of organic carbon, including sympagic material, from benthic to pelagic organisms and vice versa. Habitat couplings arises from mobile, opportunistic species (Baustian et al., 2014), which in the Arctic include, but are not limited to, walrus feeding on benthic bivalves (Fisher and Stewart, 1997; Ray et al., 2006; Mann et al., 2020), grey whales feeding primarily on benthic prey in the Arctic (Stewart et al., 2023), the Arctic finned octopods, shorthorn sculpin and Greenland halibut (demersal fish) feeding on both benthic and pelagic prey (Giraldo et al., 2018; Landry et al., 2018; Golikov et al., 2023), as well as numerous mobile invertebrates such as cumaceans and amphipods. Sympagic carbon that moves through the benthic sub-web can re-enter the pelagic sub-web at various trophic levels, ultimately reaching pelagic apex predators. Evidence for this was given by Amiraux et al. (2023a) who demonstrated that the relatively high dependence of Arctic marine mammals (53% ± 22% of body carbon) on sympagic carbon in the coastal area of Southampton Island (Hudson Bay, Nunavut) results from their direct or indirect (trophic cascade) use of sympagic carbon from the benthic compartment.
This re-entry of ice algae to the pelagic sub-web can vary over time and latitude. For example, despite a sea ice decline of 18% in both mid- and high-latitudes Canadian Arctic shelves (Foxe Basin and Jones Sound, respectively) from 1982 to 2016, Yurkowski et al. (2020) found that walrus sympagic carbon presence, resulting from a benthivorous diet, remained high (e.g., 89%–98%) at high latitudes but had decreased by 75% at mid-latitudes. For these walrus, ice algae dependency has already weakened at the lower latitudes such that further ice decline, reducing ice algal supply, could have a greater impact on the high latitude walrus. Decoupling from ice algae is not necessarily detrimental for higher trophics relying on the benthic compartment for their diet due to adaptability facilitated by flexible habitat use or migration.
4 FUTURE PERSPECTIVES FOR THE BENTHIC SUB-WEB
Ice algae currently contribute to the growth and reproduction of species in the pelagic and benthic sub-webs. Therefore, it is reasonable to expect that any decline or shift in ice algae supply, including shifts in quality, could induce a restructuring of Arctic food webs (Moore and Stabeno, 2015). This restructuring will be driven by directional regulations within the Arctic marine ecosystem. Variations in ice algae supply will exert an influence on the benthic sub-web through a bottom-up regulatory process. This influence will propagate upward, impacting the benthic top-down controls, potentially initiating trophic feedback within the pelagic realm. Although not yet documented, less ice algae within the benthic sub web could ultimately impact benthic predators (e.g., sea stars, Amiraux et al., 2023b), thereby reducing predation pressure on benthic prey that support pelagic predators (i.e., bivalves for walrus, Yurkowski et al., 2020).
Arctic fauna can rely on multiple carbon sources including ice algae, phytoplankton, benthic algae and terrestrial inputs (Bell et al., 2016; Gaillard et al., 2017; Harris et al., 2018). Omnivory and trophic plasticity contribute to the stability of a food web in the event of changing food supply (Bridier et al., 2021; Yunda-Guarin et al., 2022; Yunda-Guarin et al., 2023). Therefore, while not all benthic species may react equally (Bridier et al., 2023), it is probable that many species will be able to adapt to changing ice algal supply and organic matter quality. The Arctic’s complex food webs highlight the adaptability of Arctic benthic species to diverse food sources that are supplied in abundance (Wei et al., 2020). However, sea ice change and the potential decrease in SPB coupling efficiency (Zhulay et al., 2023), will inevitably change the composition of food sources, potentially impacting benthic community functioning, including endemic species (Figure 1B). These assumptions are supported by Yunda-Guarin et al. (2023), showing that a diversity of food resources facilitate the development of epibenthic communities characterized by a more complex structure (more trophic levels) and higher interconnectedness (larger individual niche size) compared to trophic structures based on lower food diversity. The extent to which benthic biodiversity and/or biomass responds to changing food source diversity and shifting predator-prey interactions in different regions of Arctic shelves requires further, mechanistic study (Figure 2).
5 CONCLUSION
The impact of global warming on ice algae supply has already been observed in many Arctic regions, and future changes in ice-algal production will be closely linked to snow cover and ice thickness. These factors influence the availability of light for ice algal growth, affecting the onset and duration of the bloom, community composition, succession, degradation from both abiotic (light-induced, autoxidative) and biotic (bacterial mineralization, zooplankton grazing) processes and ultimately nutritional quality of the ice algae. Consequently, the quantitative and qualitative contribution of ice algae to SPB coupling has and will be altered. Whether and how this anticipated loss for the benthos gets compensated for is rather unclear, though recent work suggest that other carbon sources such as microphytobenthos, macroalgae and terrestrial carbon may play increasing roles on Arctic shelves (Krause-Jensen et al., 2020; Attard et al., 2024).
Given the pivotal role of light as an abiotic driver of SPB coupling, there is a current imperative for research focused on identifying changes in ice algae production, degradation, and quality in response to light-driven phenology (Figure 2). This involves examining morphological aspects like algal cell size and shape, as well as physiological traits such as exopolymer production. These characteristics are influenced by microalgal phenology and contribute to the sinking of algal material out of the euphotic zone. Additionally, the export pathways should be better constrained through a deeper understanding of the contribution of ice algae export from aggregates, fecal pellets, migrations and heteroaggregation of the colloidal fraction (Figure 2). Furthermore, exploring lipid content throughout ice algal succession, including variations in type and quantity, and examining how both abiotic and biotic processes influence these contents, is crucial in determining the flux of high-quality organic matter to the benthic environment.
In the benthic compartment, a primary focus should center on understanding the spatial and temporal variability of ice algal contribution compared to other carbon sources (Figure 2). This understanding could be advanced by studies of species acting as sentinels for the SPB coupling, along with a comprehensive investigation of their trophic links. Moreover, it is imperative to improve quantification of how changes in ice algae, encompassing both quantity and quality, will impact the trophic structure and functioning of the benthic sub-web and, consequently, extend back to the pelagic sub-web. We suggest that the resolution of such a challenge should rely on a multitude of trophic markers (e.g., fatty acids, highly branched isoprenoids, stable isotopes) and approaches (e.g., quantification of ice algae-derived carbon, isotopic niche and redundancy) as well as using integrating models (e.g., Bayesian models) to comprehensively assess the current and future contribution of ice algae and alternate carbon sources to the Arctic marine ecosystems.
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