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We used a one-dimensional vertical transport model, the sympagic-pelagic-benthic vertical transport model (SPBM) to explore the impact of sea-ice presence on phytoplankton phenology and biogeochemical dynamics. In the model, we introduced new parameter values for sympagic diatoms using ERSEM (European Regional Seas Ecosystem Model) in addition to the existing phytoplankton groups in the sea-ice model. We found that different groups of primary producers exhibit distinct spatial and temporal variabilities in both the sea-ice and water column depending on their physiological and biogeochemical properties. In particular, we discovered that the biomass of pelagic diatoms during the bloom season is strongly influenced by the release of sympagic algal cells during the early spring. This suggests the potential significance of sympagic algae seeding for the occurrence of pelagic diatom blooms in the Amundsen Sea. Notably, our model also indicates a potential connection between the earlier peak in particulate organic carbon flux and the release of sympagic-algae-associated particles from the sea ice, followed by their rapid sinking. Previous studies relying solely on observational data did not fully account for this mechanism. Our findings emphasize the importance of understanding the role of sympagic algae in the polar ecosystem and carbon cycle, and shed light on the complex biogeochemical dynamics associated with the sea-ice ecosystem in the polar seas.
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1 Introduction

Sea-ice, one of the largest biomes on Earth (Dieckmann and Hellmer, 2010), plays a significant role in the seasonal primary production of the polar oceans, particularly in the marginal sea-ice zone (Arrigo et al., 2010). Understanding the biology of sea-ice is essential due to the significant impact it has on these regions. Most of the regions covered by seasonal sea-ice are known to exhibit high productivity with intense, albeit brief, algal blooms (Thomas et al., 2012). Sympagic (sea-ice-associated) algae amounts to over 400 mg Chl-a m–2 and their primary productivity is above 1 g C m–2 day–1, which is comparable or even superior to other productive oceans (Arrigo et al., 1993; Arrigo et al., 1995). Arrigo et al. (2010) estimates that primary production in the sea-ice accounts for 5 – 10% of total production in the polar ocean. Recent studies have revealed the complex nature of the relationship between sympagic algae and the pelagic bloom, as the peak biomass of sympagic algae can occur at different times and with varying magnitudes across different hemispheres (Meiners et al., 2018; Lalande et al., 2020). Nonetheless, it is generally agreed that sympagic algae act as a seeding population for the pelagic bloom, reaching peak biomass before pelagic phytoplankton (Riaux-Gobin et al., 2011; Arrigo et al., 2014; Galindo et al., 2014). Furthermore, during sea-ice melt, sea-ice provides organic matters and nutrients to the pelagic community (Lannuzel et al., 2013). Sympagic algae also serve as a crucial food source for predators in winter (Bluhm et al., 2010), playing a crucial role in the reproduction and survival of the Antarctic krill (Brierley and Thomas, 2002; Smetacek and Nicol, 2005). In addition, sea-ice is involved in the production of dimethyl sulfide, the production or consumption of carbon dioxide (CO2), the accumulation of iron, and enhanced calcium carbonate precipitation (Rysgaard et al., 2007; Stefels et al., 2007; Tison et al., 2008; Lannuzel et al., 2010).

Studies have explored the physiological and biogeochemical characteristics of sympagic algae (Zhang et al., 1999; Mock and Kroon, 2002; Søgaard et al., 2011; Torstensson et al., 2015), highlighting their ability to adapt to variable physical environments through physiological and metabolic processes. Light availability is a primary factor controlling the growth of sympagic algae due to the strong attenuation of light penetrating through the sea-ice column (e.g., Kirst and Wiencke, 1995; Arrigo et al., 2010). The photophysiology of sympagic algae in the Amundsen Sea is strongly influenced by nutrient and light availability (Arrigo et al., 2014). The interaction between bacteria and sympagic algae is a critical component of the microbial loop, playing an important role in the recycling of organic matter in the sea-ice (Stewart and Fritsen, 2004; Martin et al., 2012; Cowie et al., 2014). Sympagic and pelagic biomass work together to transfer energy to both pelagic and benthic ecosystems through feeding, with any remaining biomass being sequestered into ocean sediments (Armand and Leventer, 2010).

Ducklow et al. (2015) proposed a possible connection between the ice algal bloom and the mass flux at deep depths in the water column. The authors observed that the mass fluxes collected by a sediment trap at 350 m deep of the Amundsen Sea polynya start to increase in late winter or early spring (September−November), which is two to three months earlier than the period when primary production in the pelagic surface layer reaches its maximum. This early peak in mass flux captured by the deep sediment trap has been attributed to the high primary production and grazing of sympagic algae in the sea-ice observed in this region (Fransson et al., 2011; Arrigo et al., 2014). Given that the depth-integrated Chl-a biomass in the sea-ice of the Amundsen Sea is comparable to that of the pelagic layers (Arrigo et al., 2014), it is plausible that ice algal production can significantly impact carbon export to the benthic layer and the biogeochemical dynamics in the upper ocean.

However, due to the challenging conditions of the polar oceans, field observations and sea-ice data are limited, making it difficult to quantitatively understand the role of sympagic communities in polar marine biogeochemical cycles and the interactions between sympagic and pelagic communities (Vancoppenolle and Tedesco, 2017). Therefore, modeling studies are essential for bridging these knowledge gaps in the biogeochemistry of polar oceans (Hunke et al., 2011; Meiners et al., 2012; Popova et al., 2012; Eilola et al., 2013; Vancoppenolle et al., 2013). While several biogeochemical models for the pelagic ecosystem have been developed and used to assess future changes in ecosystem dynamics under climate change scenarios (Arrigo et al., 2003; Wassmann et al., 2006; Ji et al., 2013), only a few large-scale studies (Deal et al., 2011; Sibert et al., 2011; Jin et al., 2012) have included sea-ice biogeochemical models. However, including sea-ice ecosystem processes in models can provide a more realistic simulation of the spring bloom (Tedesco et al., 2012) and the vertical flux of organic carbon as demonstrated by Ducklow et al. (2015). Therefore, developing and improving sea-ice biogeochemical models can contribute to a more comprehensive understanding of the polar ecosystem as a whole.

Motivated by the observed discrepancy in the timing of the spring bloom and the massive export of particulate matter in the Amundsen Sea reported by Ducklow et al. (2015), our study aims to investigate the impact of algal production in the sea-ice on the pelagic ecosystem using a simple sympagic model. Specifically, we sought to explore how sympagic algae may affect the intensity of primary production and organic carbon export in the pelagic system. In a previous study, Kwon et al. (2021) utilized a one-dimensional (1-D) ecosystem model, ERSEM, to identify the limiting factor governing primary production in the Amundsen Sea without considering the ecosystem in the sea-ice. By incorporating the sea-ice domain into our current study, we were able to elucidate the significant contribution of sea-ice to pelagic primary production and the pelagic ecosystem. Our findings underscore the importance of considering the role of sea-ice in biogeochemical models to achieve a more realistic representation of the polar ocean ecosystem.




2 Model description



2.1 Sympagic-pelagic-benthic transport model (SPBM)

To simulate primary production within the sea-ice, we utilized a vertically resolved 1-D transport ecosystem model developed by Yakubov et al. (2019) with modifications (see Section 3). This model, known as the sympagic-pelagic-benthic model (SPBM), integrates biogeochemical processes in the sea-ice, water column, and benthic domains, with a vertically resolved grid for each domain. SPBM requires inputs from hydrodynamic and ice models offline to describe the physical environments. The model employs the Framework for Aquatic Biogeochemical Models (FABM) (Bruggeman and Bolding, 2014) to provide biogeochemical source-minus-sink terms and vertical sinking velocities of particulate organic matter. SPBM does not include its own biogeochemical modules but can utilize modules from the FABM library or user-developed modules.

In our study, we incorporated two biogeochemical models, the European Regional Seas Ecosystem Model (ERSEM) (Butenschön et al., 2016) and the Bottom RedOx Model (BROM) (Yakushev et al., 2017) into SPBM. ERSEM represents key processes in the pelagic water column and simulates the cycling of major elements and nutrients for primary producers in marine systems. It includes assimilation processes related to light and temperature in the euphotic zone, influencing primary production and the marine food web associated with zooplankton and benthic communities (Butenschön et al., 2016). BROM focuses on the redox dynamics driven by biogeochemical interactions between the bottom layer of the water column and the upper layer of benthic sediments. It considers biogeochemical cycles of various elements, structures in bacterial community, and detailed carbonate chemistry. These models were used to represent the biogeochemical processes including carbonate chemistry in the water column, sea-ice, and sediments.

Given the lack of available tools to model the complex ecosystem dynamics of the sympagic algae (van Leeuwe et al., 2018), we simplified the representation by adding one diatom species in the sea-ice domain to the standard ERSEM model. We assumed that the ecological functioning of sympagic algae is similar to that of pelagic diatoms in seawater acknowledging that ecological differences may exist between these groups. However, this assumption allows us to investigate the potential impacts of sympagic algae on pelagic biogeochemistry in polar seas given the limited information on the sea-ice ecosystem. Our model incorporates five groups of phytoplankton including pelagic diatoms, pico-phytoplankton, nano-phytoplankton, Phaeocystis, and sympagic diatoms, and modified the sea-ice algal growth parameters.

SPBM solves a system of 1-D transport equations for the sea-ice, water column, and benthic domains. The dynamics can be expressed as:

 

where   denotes i-th state variable given by ERSEM or BROM, t the time step, and z the depth.   is the porosity-related area restriction factor, D the total diffusivity,   the porosity factor, and u the sinking velocity that includes advection and burial in sediments.   represents the combined sources-minus-sinks of the state variable. Te values of  ,   , D, and u vary across the three domains and the phase of the variables, such as solution or solid particle.

To provide inputs for SPBM, we first determined the total ice thickness (Hice) by running a hydrodynamic model. The sea-ice column is discretized into layers with constant thickness (zs) to calculate the vertical fluxes of particulate matter and solutes in the sea-ice matrix and brine channels. During the growth and melt of the sea-ice column, Hice is adjusted by varying the number of layers. The particulate matter concentrations are assumed to be the same in the brine channels and sea-ice matrix, with   = 1, while the vertical flow of materials is restricted to the brine channels where particulates are mobilized, thus Af = ϕ(z), the porosity. ϕ(z) is equal to the relative volume of the brine channels to total ice volume (Arrigo et al., 1993), which can be obtained using empirical relationships (see Supplementary Material). The sea-ice matrix expels solutes into the brine channel (  =  ) and their flow is restricted to the brine channels (  =  ) in the model. The total diffusivity (D) in the brine channels accounts for molecular diffusivity (Dm) at the sea-ice–water interface (applied only to solutes), gravity drainage diffusivity (Dgd) at depth z, and diffusivity by convection in the bottom layer of growing sea-ice (Dgi) (Arrigo et al., 1993). The specific equations for individual diffusivities are provided by Yakubov et al. (2019).

The Photosynthetically Available Radiation (PAR) on the surface of water or ice is obtained from the hydrodynamic model. In the presence of ice, the SPBM calculate Pa, which represents PAR, by considering sea-ice and snow albedo. The PAR equations depend on the snow depth (zsnow) as follows (Light et al., 2008):





where   is the fraction of radiation transmitted through the highly scattering surface of the ice,   is the ice albedo for visible light,   is the snow albedo for visible light,   is the snow light extinction coefficient (m−1), and   is the snow depth (m). We used 0.744 for   (Light et al., 2008), 0.81 for   (Allison et al., 1993), and 4.3 for   (Perovich, 2007) in this study. The PAR at any depth in the ice,   is given by:

 

where   is the ice light extinction coefficient (0.93 m−1 in this study following Light et al. (2008)), and   is the ice depth (m). The hydrodynamic model used in this study (see Section 2.2) does not simulate the temporal variation of snow depth. Instead, we assumed a constant snow depth of 0.3 m during the presence of the sea-ice, based on the mean observed snow depth in the Amundsen Sea in December (Arrigo et al., 2014) in order to consider the light attenuation caused by the snow depth.

The hydrodynamic model also calculates vertical eddy diffusivity values at each layer of the water column, which are used to calculate vertical fluxes of nutrients and solutes. The benthic flux across the sediment-water interface is computed based on the thickness of the benthic boundary layer (BBL), sediment type, and particle size. The BBL thickness is defined as the height above the sediments where the eddy diffusivity reaches a constant value (Yakubov et al., 2019). Additionally, SPBM accounts for the deposition and resuspension of particulate matter from the sediments to the water column, considering particle size, sediment composition, current velocity, and turbulence (Yakubov et al., 2019).

The model also considers the exchange of gases across the air-water interface, including the exchange of CO2 and oxygen (O2), which is calculated based on the gas transfer velocity and the concentration gradient between the air and water (Nightingale et al., 2000). The carbonate chemistry in the water column, sea-ice, and sediments is represented using a module from BROM that accounts for the dissolution and precipitation of calcium carbonate minerals and the associated changes in concentrations of carbonate ions, bicarbonate ions, and pH (Yakushev et al., 2017). This comprehensive representation of biogeochemical processes allows for a more realistic simulation of ecosystem dynamics in the polar seas.




2.2 General ocean turbulence model − Simple Thermodynamic Ice Model (GOTM−STIM)



2.2.1 MyLake and GOTM for simulating sea-ice and hydrodynamic conditions

To integrate the sea-ice and hydrodynamic models, we used the Simple Thermodynamic Ice Model (STIM) as an intermediary step. STIM isolates specific ice algorithms from the hydrodynamic model, providing a well-defined interface to test and use various ice models. We selected the General Ocean Turbulence Model (GOTM; Burchard and Petersen, 1999), a 1-D hydrodynamic model, to simulate vertical profiles of temperature and salinity. We employed MyLake (Saloranta and Andersen, 2007), one of the three thermodynamic ice models included in STIM to simulate the thermodynamic processes of sea-ice growth and melt. Although MyLake was originally developed for simulating lake ice, it can also be used for simulating sea-ice since both types of ice form when water temperature drops below the freezing point. However, it is important to note that fundamental differences exist between lake ice and sea-ice, such as the presence of salt and the impact of ocean currents on sea-ice formation. Therefore, the accuracy of using MyLake to simulate sea-ice thickness may vary depending on the specific conditions being modeled and the level of detail required in the simulation. In this study, we set the freezing point (Tf) at –1.86°C, according to Arrigo et al. (1993), which corresponds to the freezing point of seawater at approximately 34 salinity. However, we did not consider the effect of ocean currents as our model is one-dimensional and cannot account for their complex dynamics. Despite this limitation, using MyLake allowed us to efficiently generate hydrodynamic and sea-ice thickness data as input for the SPBM while simplifying the representation of the sea-ice system.




2.2.2 Mechanism of sea-ice formation and melting

The formation of sea-ice in the STIM framework occurs when the seawater temperature reaches Tf. In the super-cooled layers with temperatures below Tf, the heat deficit is transformed into an initial sea-ice layer with a given thickness (Hice) by converting the sensible heat deficit of seawater into latent heat of sea-ice. Whenever the air temperature (Ta) falls below Tf, new sea-ice formed, and its thickness ( ) is calculated using Stefan’s law:



where   (W K−1 m−1) is the thermal conductivity of sea-ice,   (kg m−3) is the density of the sea-ice, and L is the latent heat of freezing (J kg−1). The temperature of the sea-ice surface, Tice, is calculated assuming that the heat fluxes through the sea-ice and the overlying are equal to those at the interface between the sea-ice and seawater. When Ta is above Tf, sea-ice growth is stopped and melting begins. The energy for melting is calculated based on the heat flux at the sea-ice-air interface, assuming that short-wave radiation is partially absorbed on the sea-ice layer. When sea-ice is present, the seawater temperature is set at Tf. When the daily mean seawater temperature is above Tf, the bottom layer of sea-ice started melting. Please refer to aloranta and Andersen (2007) for sea-ice parameterizations in STIM. It should be noted that the present model does not consider snow accumulation and its effects on forming and melting of sea-ice. Snow can impact both sea-ice thickness and the duration of the sea-ice season (e.g., Powell et al., 2005; Sturm and Massom, 2017; Webster et al., 2018). However, recent modeling study suggests that the impact of snow over the sea-ice properties is greater for the multi-year sea-ice than for single-year seasonal sea-ice (Holland et al, 2021). Besides, modeling sea-ice deformation such as flooding, ridging, and rafting and the complex processes occurring in the snow and sea-ice system, is challenging with a 1-D framework. Since our focus is on the impact of algal production in the single-year seasonal sea-ice on the pelagic ecosystem, the absence of snow in the sympagic model does not introduce bias in representing the sea-ice ecosystem.






3 Model implementation

The implementation of SPBM required time-dependent input parameters such as turbulent diffusivity, temperature, and salinity for the water column, as well as total thickness and surface temperature of the sea-ice. Downwelling shortwave radiation and PAR were externally provided, computed using meteorological parameters from the ERA-Interim reanalysis data (Dee et al., 2011) with a resolution of 0.25°x0.25° and a 6-hour interval. The time-independent values for the water column structure were derived from the GOTM-STIM simulation.

To obtain the input values required for SPBM, we first ran the GOTM-STIM following the procedure outlined in Kwon et al. (2021). The simulation aimed to represent the vertical structure of physical properties in the western part of the Amundsen Sea continental shelf (as depicted in Figure 1 of Kwon et al. (2021)) from 1 January 1997 to 31 December 2017. The vertically averaged CTD data within the range of 74˚S to 72˚S and 110˚W to 120˚W were used as a source for the relaxation of the 1-D model. This allowed us to simulate the water column structure and provide input for the biogeochemical models (e.g., ERSEM and BROM) described earlier. To extract atmospheric forcing parameters such as zonal and meridional wind speeds, surface air temperature, dew point, and total cloud concentration, we averaged the ERA-interim data over the same area. The model was run with 10-minute time step and solved on vertical domains consisting of 40 layers in the upper 500 m of the water column. The surface layer had the highest vertical resolution (1.6 m) while the middle layer had the lowest resolution (21.7 m). A closed boundary condition was adopted at the lower boundary of the water column. The model was spun up for twenty years with the atmospheric forcing parameters set to those of 1996 to reach a quasi-equilibrium state.




Figure 1 | (A) Light limitation factor (Li) against PAR for the phytoplankton species used in the model and (B) a comparison of temperature limitation factor (Lt) against the ambient temperature for sympagic and pelagic phytoplankton. Vertical dotted line in (B) indicates the freezing point of the sea-ice given in the model.



Several parameters that affect primary production in ERSEM were adjusted specifically for sympagic diatoms to better suit their environment compared to the pelagic zone (Figure 1A, Table S1). These adjustments are related to photosynthesis process in sea-ice, which is influenced by light intensity and can be expressed through the light limitation factor of functional type i, Li. This is a function of several parameters as shown in Equation (6).

 

A significant parameter is the Q10 value which indicates the temperature sensitivity to metabolic changes. For sympagic algae, the Q10 value was set at 1.06, while all pelagic species had a Q10 value of 2.0 (Butenschön et al., 2016), suggesting that sympagic algae thrive in low-temperature environments (Kottmeier and Sullivan, 1988). Indeed, several experiments have shown that sympagic algae grow well under suboptimal (cold) conditions (Rochet et al., 1985; Palmisano et al., 1987; Cota and Smith, 1991). Lowering the Q10 value reduced the temperature limitation of sympagic algae when the sea-ice temperature is approximately below the freezing point of seawater (Figure 1B). The temperature limitation factor (LT) is a function of Q10 and the ambient temperature, whether in sea-ice or seawater (t). It is common to all functional groups:

 

Equation (7) includes a second term, an inhibitory term in the traditional Q10 function added by Blackford et al. (2004), which prevents excessive reaction rates at higher temperatures encountered in certain regions. This modification yields a somewhat flatter response curve, which we believe more accurately represents the wide species range and adaptability of the functional group. The initial slope of the photosynthesis-irradiance (P–I) curve (α, code ID = alphaP1_i in Table S1) for sympagic algae was set to a high value (= 8.56 mg C m2 (mg Chl)-1 W−1 d−1) to allow them to tolerate low PAR levels inside the sea-ice. The maximum specific productivity at the reference temperature (gmax, code ID = sumP1_iX in Table S1) for sympagic algae was assigned a value, 1.45 d−1 which is the same as for pelagic diatoms. van Leeuwe et al. (2018) reported that pennate diatoms which are the dominant species living on the bottom of the pack ice prefer extremely low values of light saturation due to their low tolerance to strong light intensity. Therefore, the photo-inhibition parameter (β, code ID = betaP1_i) was set twice as large (= 0.2 mg C m2 (mg Chl)-1 W−1 d−1) as for pelagic diatoms, reflecting their weak light tolerance. However, the maximal effective ratio of Chl-a to carbon (θmax, code ID = phimP1_i in Table S1) was assumed to be the same as that for pelagic diatoms. By adjusting these parameters, the P-I can represent different light acclimations as demonstrated by Butenschön et al. (2016).

In addition to the aforementioned parameters, determining Li requires PAR and the limitation factors for silicate (LS) and iron (LFe) concentrations. PAR values were provided externally and LS and LFe were determined using Michaelis-Menten uptake kinetics (Kwon et al., 2021). Figure 1A depicts the dependence of Li for a given primary producer’s functional type against PAR, assuming no limitations in the parameter values in Equation (6) and that cellular Chl-a always has the maximal value (θ = θmax). The modified values of parameters related to light intensity, such as α, β, and gmax, are responsible for the strong photo-inhibition of sympagic diatoms compared to pelagic algae.

The half-saturation values of nitrate and phosphate were set to be the same for both sympagic and pelagic diatoms, whereas that for iron was slightly lower for sympagic diatoms (0.015 nM) compared to pelagic diatoms, to account for the replete iron concentration in sea-ice (Lannuzel et al., 2007; Lannuzel et al., 2010; Lannuzel et al., 2011; Vancoppenolle et al., 2013; Arrigo et al., 2014). Sinking rate for sympagic algae was assumed to be high (1.0 m d−1) (Mathot et al., 1991; Riebesell et al., 1991; Michel et al., 1997) compared to pelagic species (0.05 m d−1 for pelagic diatoms and Phaeocystis, and no vertical sinking for nano- and pico-phytoplankton) due to the absence of aggregation of sympagic algae in the model. Sinking rates of small, medium, and large size particulate organic matter (POM) were assumed to be 10, 25, and 50 m d−1, respectively (Table S2), based on modeling studies and observations that suggest much larger sinking rates of POM than the standard ERSEM (Asper and Smith, 2003; Stemmann et al., 2004; Trull et al., 2008; Benkort et al., 2020). All model parameters used in this study including the modified parameters for sympagic diatoms are described in Kwon et al. (2021) and Table S1 in detail.

In the SPBM model, a quasi-stationary state of the biogeochemical variables was achieved by conducting two steps of spin-up runs. During the spin-up runs, the first day was repeated 100 times, followed by repeating the first year 10 times. All the state variables in the sea-ice, water column, and sediment domains were initialized to the same conditions. The initial nutrient concentrations were chosen to reflect the high macro-nutrients and the low iron concentrations typical of the Southern Ocean, following the approach used in a previous study (Kwon et al., 2021) (see Table S3 for details). The results of the model simulation after the spin-up period were used to calculate climatological means (the “reference run”).




4 Results and discussion



4.1 Chemical properties

In Table 1, we compared our model results to the observations by Fransson et al. (2011) in the Amundsen Sea during early summer. For this study, we defined early summer as the period from the middle of November (15th Nov) to early December (10th Dec), as the sea-ice completely melted away by December 10 in the model simulation (Figure 2). Our model also tended to underestimate sea-ice thickness due probably to the absence of a snow module in the model. Additionally, deformation processes of sea-ice such as ridging and flooding which are not accounted for in our model may have contributed to this discrepancy in the representation of ice thickness representation (Maksym and Jeffries, 2000; Powell et al., 2005).


Table 1 | Comparison of biogeochemical tracers in the sympagic and pelagic environments between the model simulation and the observation in the Amundsen Sea.






Figure 2 | Seasonal and vertical distributions of the variables in the sea-ice (upper panels) and in the water column underneath (lower panels) by the climatological simulation. (A) PAR, (B) total Chl-a, (C) phosphate, (D) nitrate, (E) silicate, (F) DIC, (G) DOC, (H) bacterial carbon mass, (I) sympagic diatoms carbon mass, (J) sum of small phytoplankton carbon mass, (K) pelagic diatoms carbon mass, (L) Phaeocystis carbon mass and (M) microzooplankton and heterotrophicnanoflagellate (HNF) mass. Note that the color-code scales for the sea-ice and water column are different. Refer to Figure S1 for the Chl-a concentration and sympagic diatoms mass in the lowermost thin layer of the sea-ice domain.



Overall, most of our model results fall within the observed ranges although there are some exceptions. Specifically, we slightly overestimated the phosphate concentration in the seawater underneath the sea-ice, which may be due to the lower ratio of N/P in diatom consumption compared to Phaeocystis (Arrigo et al., 1999), a factor that was not considered in our model. The simulated particulate organic carbon (POC) concentration in sea-ice layer was underestimated likely due to underestimated biomasses given the low average ice Chl-a in the model (Table 1).

Figure 2 illustrates the seasonal variations of chemical and biological variables relevant to algal primary production in both the sympagic and pelagic ecosystems. As incident light increases during the sea-ice melting period from October to November (Figure 2A), phytoplankton accumulates in both the sea-ice and water column, with a concentration at the bottom layer of the sea-ice (Figures 2B, S1). The high concentration of Chl-a at the lowermost ice layer during November is not readily observable in the contour plot but is evident when specifically plotted only for the lowermost layer of ice (see also Figure S1C). In contrast, maximal concentrations of Chl-a in the surface and subsurface (~20 m) waters occur in January and February, respectively, after the sea-ice has melted away. The macro-nutrients required for primary production enrich the bottom layer of the sea-ice (Figures 2C−E) due to continuous supply from the seawater underneath. Phosphate and nitrate are almost completely depleted in the uppermost sea-ice layers due to brine porosity, which allows for the transport of these nutrients into the surrounding seawater. While the model simulation shows that nitrate and silicate were concentrated in the sea-ice bottom layer, consistent with observations, Fransson et al. (2011) found that phosphate is concentrated in the sea-ice surface, which was not reproduced in our model. This discrepancy may be due to the inaccurate representation of the elemental quota in the phytoplankton cell in our model.

The model was able to represent the observed dissolved inorganic carbon (DIC) concentrations, with lower concentrations in the sea-ice layers compared to the water column (Figure 2F). This is consistent with the process of brine rejection, which leads to a large reduction of DIC in the sea-ice (Rysgaard et al., 2007; Fransson et al., 2011).

Algal blooms in the sea-ice and in the pelagic water column result in a seasonal accumulation of dissolved organic carbon (DOC) (Figure 2G). The DOC concentration in the water column reaches its peak during mid to late summer (January to February) when primary production is most active. A fraction of the DOC is subsequently incorporated into the sea-ice, where it is gradually oxidized over time. The bacterial distribution in the sea-ice reflects the overall distribution of DOC (Figure 2H). The simulated bacterial respiration in the upper 350 m (averaging 300 mg C m-2 d-1) is significantly underestimated, as the observed respiration rate is twice as high (Ducklow et al., 2015) (= 789.1 mg C m-2 d-1 on average), which seems to stem from the inaccurate representation of bacterial physiology in this area.




4.2 Community structure

The community structure within the sea-ice is primarily characterized by the dominance of sympagic diatoms in terms of biomass while Phaeocystis is the most abundant species in the water column. Sympagic diatoms exhibit a concentration in the bottom layer of the sea-ice and their biomass increases largely during the period of November-December when the sea-ice starts to melt (Figures 2I, S1). Because the photosynthetic sensitivity to the solar radiance (high α value) of the sympagic diatoms is set to be largest among those of primary producers in the model, they grow rapidly despite considerably low PAR levels below ~5 W m-2 (Figure 2A).

A substantial number of sympagic diatoms located at the bottom of the sea-ice are released into the upper pelagic layer during sea-ice melt, and then they sink rapidly relative to other large pelagic diatoms and Phaeocystis. Importantly, the sympagic diatoms continue to grow while sinking, and reach their maximum biomass in the subsurface layers (~20 m) due to their efficient acclimation to low light conditions. As shown in Figure 2B, the peak concentration of Chl-a occurs in the subsurface layers in early February because of the growth of sympagic diatoms and Phaeocystis.

In terms of biomass, pelagic diatoms are the second most abundant group in the sea-ice, although their biomass is two-orders of magnitude less than that of sympagic diatoms (Figure 2K). The pelagic diatoms biomass in the sea-ice show the gradual reduction after a sharp increase in March and April. This implies that a portion of pelagic diatom cells may be incorporated into the ice during freezing in February, but their population is likely to decrease over time due to cell mortality in the absence of incident light and the extremely low temperatures (~−6.6°C on average) within the ice during fall and winter. Chl-a concentration in the sea-ice peaked in late November when sympagic diatoms bloom on the bottom of ice (Figures 2B, S1).

In contrast, the nano- and pico-phytoplankton (small species) remain in the upper ice without migrating downward and show their maximum abundance at the onset of ice formation, indicating their entrainment into the ice during sea-ice buildup. These small algal functional types have fairly low half-saturation values for nutrients compared to larger algal functional types. Consequently, they are concentrated in the upper layers of the ice where nutrients are almost depleted due likely to avoiding competition in diatoms (Figure 2J).

While Phaeocystis dominates the pelagic ecosystem in the model, it shows negligible biomass throughout the ice layers (Figure 2L). This discrepancy arises from in the low-iron condition of the sea-ice in the model (~0.09 nM, not show here), which renders Phaeocystis less competitive due to their much higher half-saturation value (kFe) compared to other species. The model results, highlighting the dominance of sympagic diatoms in the bottom layer of the sea-ice and the prevalence of small species in the surface layer of the ice, are consistent with observations by van Leeuwe et al. (2018).




4.3 Biogeochemical interplay between the sympagic and pelagic ecosystems

We conducted an additional simulation in our model to investigate the influence of sea-ice algal dynamics on the pelagic environment. In this simulation, we excluded biological processes within the ice domain and treated the sea ice solely as a light attenuator and a barrier to heat flux between the sea and the atmosphere. No exchange of state variables occurred between the water column and the ice domain. The functional type of sympagic diatoms was also omitted in this experiment (Figure 3I), while all other model configurations remained the same as described in Section 3.




Figure 3 | Climatological simulation results of the water column under the condition devoid of sea-ice biology. (A) PAR, (B) total Chl-a, (C) phosphate, (D) nitrate, (E) silicate, (F) DIC, (G) DOC, (H) bacterial carbon mass, (I) sympagic diatoms carbon mass (no result), (J) pelagic diatoms carbon mass, (K) sum of small phytoplankton carbon mass, (L) Phaeocystis carbon mass and (M) microzooplankton and heterotrophicnanoflagellate (HNF) mass.



Our results revealed that in the absence of sea-ice biology, the Chl-a concentration in the pelagic layers was lower despite similar light conditions in the upper water column (Figures 3A, B). This decline in Chl-a concentration compared to the reference run was due to a considerably reduced biomass of diatoms (Figure 3K) which have a high cellular Chl-a to carbon ratio. The seasonal variation of silicate was negligible (Figure 3E) as diatom growth was suppressed.

The reduction in diatom biomass without sea-ice biology can be attributed to their physiological characteristics as reflected in the model. While diatoms can dominate under low-iron conditions because of their low kFe, they are less competitive against Phaeocystis under weak irradiance as they have a low α value. These properties enable diatoms to grow much faster in the ice column, leading to the release of substantial biomass of diatom cells into the pelagic layer upon ice melting in the reference simulation. Similarly, the growth of pico- and nano-phytoplankton in the water column is limited without their growth occurring prior to ice melting and subsequent release from the ice (Figure 3J). These results underscore the potentially important role of sea-ice in establishing growth conditions for diatoms and small species in the Antarctic polynya regions.

Contrary to the reference run where high biomass of Phaeocystis occurred only in January, the model without sea-ice biology exhibited sustained high Phaeocystis biomass from January to March, extending from the surface to a depth of 40 m in the water column (Figure 3L). Phaeocystis biomass was also more than twice as high as in the reference run. During the early bloom season of the pelagic layer when the growth of diatoms and small species is not yet accelerated, Phaeocystis rapidly depleted resources (iron and nutrients) in the upper layers due to their high α value, facilitating efficient nutrient uptake under dim light conditions. In an environment where the growth of sympagic diatoms and competing small species is suppressed, Phaeocystis utilized resources up to the subsurface layers by March. Consequently, nutrient and DIC depletion extended to deeper levels (Figures 3C, D, F). The distribution of zooplankton biomass also showed a similar pattern to the distribution of Phaeocystis biomass (Figure 3M). Phaeocystis, with much higher gmax and α values compared to sympagic diatoms, achieved a biomass nearly three times higher than that of diatoms in the reference simulation. As a result, larger amounts of DOC and bacterial biomass were simulated in the water column (Figures 3G, H). Figure 4 presents a comparison of Chl-a concentration and vertically integrated net primary production (NPP) in the water column between the reference model and the model without the sea-ice biology, in comparison to MODIS observations. The model without sea-ice biology exhibited a Chl-a peak occurring two weeks later and an NPP peak one month later compared to the reference run and the observations. This suggests that primary production within the sea ice from an early stage enables more rapid primary production in the pelagic environment after ice melting. In addition, the maximum Chl-a concentration and NPP in the reference model were ~2.5 times and ~20% larger, respectively, than those in the model without sea-ice biology, due to the more efficient Chl-a assimilation and photosynthesis of diatoms. As described in Section 4.2, the model without sea-ice biology had significantly lower diatom biomass compared to Phaeocystis biomass, with diatoms representing less than 1% of the Phaeocystis biomass. Considering the average biomass ratio between the two functional groups in the Amundsen Sea and the slight dominance of Phaeocystis (Lee et al., 2016; Yager et al., 2016), the model excluding sea-ice biology might challenge the potential important role of sympagic algae seeding for pelagic diatom growth in the upcoming summer season. These findings highlight the significance of the biogeochemical interplay between sea ice and the pelagic water column, which influences the community structure of lower-trophic ecosystems and, ultimately, the marine carbon cycles in polar oceans.




Figure 4 | Remotely observed and simulated (A) Chl-a at the water surface and (B) vertically integrated NPP in the water column. Solid and dotted lines denote simulations with and without the sea-ice biology in the model, respectively, and bar graph for the remote observation by MODIS from Kwon et al. (2021).






4.4 Sea-ice associated massive POC flux in spring

The model results provided compelling evidence that the presence or absence of sea-ice biology has a significant influence on the phytoplankton community structure, with implications for mass flux and carbon export to deeper layers below the twilight zone. Different functional types of phytoplankton have varying sinking rates and cellular carbon contents, which are ultimately influenced by sea-ice ecodynamics. In the Amundsen Sea Polynya, where the sea ice retreats in late spring or early summer, the high primary productivity in the sea ice or grazing of sympagic algae have been suspected to be closely linked to the large mass flux captured at deeper layers in late winter to early spring (Fransson et al., 2011; Arrigo et al., 2014). These speculations are further supported by comparisons between sediment trap data collected in the western Antarctic Peninsula (WAP) and the Amundsen Sea (Ducklow et al., 2015). In the WAP, where the sea ice retreats as early as September, the vertical mass flux peaks in March, coinciding with the maximum sea surface Chl-a concentration. In this region, the vertical mass flux is driven by primary productivity in the water column because the sea ice completely disappears well before the irradiance increases enough to stimulate primary production, and the sea-ice season is relatively shortly (~two months). Conversely, in the Amundsen Sea, the presence of sea ice until the spring season allows sea-ice biological processes to influence POC flux before the growth of phytoplankton in the water column. Consequently, the release of particles and organisms from the sea ice during its melt likely contributes to the maximal mass flux observed in the pre-bloom season in the Amundsen Sea, as represented in our model (Figure 5).




Figure 5 | Seasonal variations of (A) the modelled sea-ice thickness (blue) and the modelled Chl-a concentration (cyan) at the bottom layer of sea-ice, (B) the modelled (solid line) and observed (bar) Chl-a concentration at the water surface of the Amundsen Sea continental shelf, (C) the modelled POC concentration at the water surface, and (D) the modelled (solid line) and observed (bar) vertical POC fluxes at 350 m deep in the continental shelf of the Amundsen Sea. In (B), lime solid line denotes the SPBM simulation and lime bar represents monthly mean of the MODIS observations in Kwon et al. (2021). In (D), solid and dotted lines are with and without the sea-ice biology, respectively, and bar graph indicates the observation by Ducklow et al. (2015). Note that the vertical scales for the model simulation and the observation are different for the mass and POC fluxes.



Figure 5 presents the model results of sea-ice thickness, Chl-a concentrations at the bottom of the sea ice and water surface, water surface POC concentration, and POC flux at a depth of 350 m, compared with sediment trap data. Until December when sea ice is present, the Chl-a concentration within the sea ice increases, reaching its maximum in December, while the Chl-a concentration in the surface water peaks in January after the disappearance of sea ice. Subsequently, after approximately one month, the surface water POC concentration and POC flux at 350 m depth significantly increase (Figures 5C, D). Sediment trap data indicates that POC flux increases in February to March, likely associated with the peak of phytoplankton bloom in January (Ducklow et al., 2015). The reference model and the model without sea-ice biology show POC flux maxima in March and April, respectively, both exhibiting comparable representations for POC flux driven by phytoplankton bloom. However, the model without sea-ice biology fails to reproduce the primary peak of POC flux observed in the pre-bloom season while the reference model successfully captures this primary peak albeit occurring one month earlier (October) than observed (November).

As the sea ice thickness decreases due to melting in October (Figure 5A), the POC concentration in the uppermost layer of the water column reaches its maximum (Figure 5C) as a result of POC released from the sea ice. These POC particles are predominantly originate from sympagic diatom cells or large-sized POC that were entrained during the previous productive season. Due to their characteristics, they exhibit relatively high sinking velocities (25 and 50 m day-1 for medium and large-sized particles, respectively). Consequently, the POC flux at 350 m depth reaches its peak within two weeks after the POC peak in the surface water. The sinking POC during this period primarily consists of medium- or large- sized particles in the model results (Figure S2), which are mainly produced through diatom and zooplankton cell lysis, both in the sympagic and pelagic regions. Notably, the zooplankton biomass is concentrated only in March, with lower values in the water column, and is distributed solely in the upper ice layer after March (Figure 2M). These findings strongly suggest that the primary peak in POC flux, observed before the pelagic phytoplankton bloom period, originates from sympagic-diatom-associated particles (cell lysis) released during ice melting or transported through brine channels. Entrapping of phytoplankton onto the growing sea ice and/or blooming of sympagic algae in late fall have been reported (De Jong et al., 2018), which is associated with the massive POC flux in early spring. Furthermore, during this early season, the pelagic remineralization processes are likely suppressed by the still-cold seawater, leading to a more efficient export of POC to the deep layers. In contrast, the POC derived from the pelagic phytoplankton bloom during the summer season is expected to undergo more rapid remineralization, resulting in a reduction in the secondary peak observed after January, which is consistent with both the model and the data.




4.5 Caveats

We conducted model experiments to investigate processes that could potentially lead to a decoupling between surface primary production and vertical POC flux aiming to gain a better understanding of the sea-ice ecosystem’s role in the polar marine carbon cycle. Despite the imperfect match between the model and observed POC flux, the general conclusion regarding the significant contribution of sea ice to the deep-sea POC flux, as proposed by Arrigo et al. (2012), remains valid. They suggested that the algal production occurring in the bottom layer of the sea ice and the underlying pelagic water column result in a notable flux of POC and other particulate matter. However, in order to establish the true significance of sea ice in the carbon cycle, it is crucial to address the discrepancies in magnitude and timing between observed and simulated POC flux maxima.

The model exhibited an earlier peak and larger magnitude of POC flux peak compared to the observation (Figure 5C). The earlier peak can be attributed to the model simulating sea-ice retreat earlier than observed. To align the model with observed timing, future improvements to the STIM model should consider representing the timing of sea-ice retreat one month later, in accordance with observations. Additionally, our model represented a tenfold larger POC flux peak in the pre-bloom season compared to the observed data, indicating an underestimation of bacterial respiration in the model. Studies in the Amundsen Sea Polynya by Williams et al. (2016) demonstrated high activity levels of particle-associated heterotrophic microbial communities, suggesting that they likely limit the biological pump efficiency during the early season. Previous calculations by Yager et al. (2016) and Ducklow et al. (2015) reported that approximately 3% of the net community production (NCP) integrated over the upper 100 m water column is annually trapped, with only 6% being trapped during the peak period in the Amundsen Sea. In our model, the annual NCP was estimated to be 49 g m-2 yr-2, while the POC flux at a depth of 350 m was estimated to be 16 g m-2 yr-2. This indicates that approximately 33% of the NCP is being sedimented as particles, which is significantly higher (around 11 times on an annual scale) than the values reported in Ducklow et al. (2015). This discrepancy clearly indicates an overestimation of the POC flux at depth in our model, both in relative and absolute terms. Consequently, it highlights that the standard biogeochemical models adopting general Q10 function may underestimate bacterial respiration in the Antarctic regions (e.g., Cavan et al., 2019) and the crucial role of bacteria in the Antarctic marine carbon cycle cannot be disregarded (Ducklow, 1999; Ducklow et al., 2015; Williams et al., 2016; Yager et al., 2016; Kwon et al., under review).

Furthermore, we performed sensitivity analyses by adjusting the sinking rates of small, medium, and large-sized particles by ±10% from the default values in Section 3 given that uncertainties in the vertical sinking rates of particles can influence the accuracy of POC flux simulations. The magnitude of the POC flux was highly dependent on the sinking rate, while the timing of the POC flux peak remained relatively stable (Figure S3). Previous studies have demonstrated that sinking rates of particles are influenced by various environmental factors, such as temperature, depth, and particle origin, making the sinking process complex and variable (Cadée et al., 1992; Michel et al., 2006; Wassmann et al., 2006; De La Rocha and Passow, 2007; Iversen and Ploug, 2013; Tréguer et al., 2017). However, due to limited observations and the scope of our study, we did not delve into the specific mechanisms and variability of sinking rates in the Southern Ocean. Future research efforts will be also dedicated to investigating particle sinking processes in the polar regions to enhance our knowledge of the Southern Ocean’s role as a carbon sink under a changing climate.





5 Conclusions

Our study aimed to investigate the role of sea ice in the marine carbon cycle of polar oceans, with a specific focus on the Amundsen Sea, utilizing a biogeochemical model that accounts for the sea-ice ecosystem. Our findings provide important insights into the contribution of sea ice to primary production, algal community structure, and carbon export to the pelagic ecosystem (Figure 6). Our model corroborated the notion that the sympagic algae thriving within sea ice during the pre-bloom season can serve as a seed population for pelagic diatoms. Furthermore, our model simulations revealed that the presence of sea ice leads to an earlier peak in POC flux at depth compared to the algal bloom in the water column. This can be attributed to the release of medium to large particles from the sea ice during the early stages of ice melting. These particles originate from diatom cells or organic matter entrapped within the ice during the previous ice formation season. Overall, our study highlights the significant contribution of the sea-ice ecosystem to the polar marine carbon cycle. Future research should focus on addressing uncertainties in sinking rates of particles including, microbial activities, to further improve our understanding of the polar marine carbon cycle.




Figure 6 | Overview summary of the main findings regarding the role of sea-ice in the flux of POC to the deep sea. The primary peak in POC flux, observed before the pelagic phytoplankton bloom, is likely influenced by sympagic-diatom-associated particles transported from ice porosity or released during ice melting. During this early season, pelagic remineralization processes are suppressed by the still-cold seawater leading to a more efficient export of POC to the deep layers. The POC derived from the pelagic phytoplankton bloom during the summer season undergoes more rapid remineralization, resulting in a reduction in the secondary peak observed after January.
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