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Long-term, high-resolution measurements of environmental variability are sparse in the High Arctic. In the absence of such data, we turn to proxies recorded in the layered skeletons of the long-lived crustose coralline algae Clathromorphum compactum. Annual growth banding in this alga is dependent on several factors that include temperature, light availability, nutrients, salinity, and calcium carbonate saturation state. It has been observed that growth slows during winter as sunlight reaching the seafloor diminishes due to decreased insolation and the build-up of sea-ice, such that the relationship between sea-ice cover extent and algal growth has allowed for reconstructions of relative sea-ice variability through time. However, recent laboratory work has shown that C. compactum continue growing in complete darkness (sea-ice cover). Therefore, a more complete understanding of algal growth is necessary for the refinement of the sea-ice proxy. Here, we present the results of a ~year-long in-situ growth and environmental monitoring experiment in Arctic Bay, Nunavut, Canada (~73°N) which addresses, for the first time in situ, the gaps in our understanding of growth over an annual cycle in the High Arctic. Algal growth was assessed on a quasi-monthly basis, where specimens were subsampled to quantify monthly extension in the context of ocean temperature and light availability. By measuring extension rate through time, we observed that the algae grew on average 72 µm yr-1, with ~54% of annual growth occurring during the sea-ice free summer months (June-September), ~25% during the winter months (November-April), and ~21% occurring during the transition months of May and October. Although winter growth slowed, we did not observe a consistent cessation of linear extension during low-or no-light months. We posit that substantial growth during the winter months at this latitude is most likely a consequence of the mobilization of stored energy (photosynthate) produced during the photosynthetically active summer months. However, we also discuss the possibility of low light-photosynthetic activity and/or dark carbon fixation, which could also facilitate extension through time. Overall, the novel growth model presented here has implications for the use of C. compactum growth for reconstructing the environment as well as for trace-element-based (typically Mg/Ca) algal chronologies.
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1 Introduction

Comprehensive long-term records of environmental variability are necessary for contextualizing present and future oceanic change. However, for most of the Arctic Ocean significant paleorecords are sparse. Over the last few decades, the Arctic Ocean environment has been changing at an alarming rate, in large part due to anthropogenic disturbances contributing to a loss of sea-ice extent, a shortening of the sea-ice season, and a general warming of the ocean in many regions (e.g., Kinnard et al., 2011; Stroeve et al., 2012; Comiso et al., 2017; Stroeve and Notz, 2018; Schweiger et al., 2019; Cai et al., 2021). Among the rapidly changing parameters in this region, we know little about the long-term and fine-scale dynamics of sea-ice and ocean temperature. Beyond terrestrial climate archives (tree rings and ice cores), most of the available historical data for this region come from satellite sensors only available for the 1970s and onwards (Polyak et al., 2010), and from marine sediment cores (e.g. IP25 biomarkers; Belt et al., 2007) typically archiving data at hundreds- to thousands-years resolution (De Vernal et al., 2013), and in rarer instances at sub decadal resolution. While reconstructions of past sea-ice extent are possible using multiple proxies as listed above (Kinnard et al., 2011), the low geographic and temporal resolution of such reconstructions does not allow for a thorough evaluation of annual to sub-annual scale variability. Nonetheless, the observed declines in Arctic sea-ice and associated increases in glacial melt water over the last number of decades have the potential to significantly influence heat exchange, ocean circulation, climate patterns, organism survival, ecosystem function and even fisheries productivity – all at the global scale (e.g. Meier et al., 2014).

Fortunately, geochemical archives of ocean variability in this region exist in the layered skeletons of long-lived Arctic calcifying marine organisms called crustose coralline algae (CCA). Some genera of CCA are among the longest lived marine calcifiers in the world (living for upwards of 1800 years; Adey et al., 2015a), producing annual high-magnesium calcite layers that can be counted, dated, and chemically analyzed to reconstruct the environment over the last one or two millennia, and are found almost ubiquitously between 10 and 20m depth along the rocky coastlines of the northwestern North Atlantic and Arctic Oceans (Adey, 1966; Adey and Steneck, 2001; Adey and Hayek, 2011; Adey et al., 2013). Of particular interest in the High Arctic is the CCA species Clathromorphum compactum, which grows upwards of 60-150 µm/year in the cold, often sea-ice covered Arctic waters (Halfar et al., 2013; Adey et al., 2015a; Williams et al., 2021). The genus Clathromorphum possesses a unique method of growth and calcification, originating from a single-cell plane of growth termed the intercalary meristem (Adey, 1965; Adey et al., 2005; Adey et al., 2015b). In this intercalary meristem, growth and calcification of the thin upper photosynthetically active multilayered epithallial skeleton (Adey et al., 2015b) and the thicker lower perithallial skeleton occur simultaneously but in opposing direction (Adey et al., 2013).

Clathromorphum compactum serves as an exceptional archive of environmental variability owing to its ability to form continuously accreted, multilayered mounds (Adey et al., 2015a). A tight link between environmental conditions and skeletal growth, coupled with the protection of the archival perithallial skeleton from grazing by the epithallial skeletal layers above the meristem, often render the perithallial layers very well preserved and, as such, the bulk skeleton serves as an excellent archive. Evaluation of annual growth band thickness and Mg/Ca incorporation in the perithallial skeleton, both highly positively correlated with environmental temperature, has allowed for the reconstruction of ocean temperature through time in non-sea-ice covered regions (Halfar et al., 2000; Halfar et al., 2008; Hetzinger et al., 2009; Gamboa et al., 2010; Hetzinger et al., 2017). While grazing of the epithallial skeleton by chitons is balanced by new production, occasionally deep grazing from scraping organisms like urchins or boring by worms and clams, can disrupt yearly layering. This damage is typically local, not occurring across the entire algal surface - thus, stepwise layer analysis of adjacent layers can avoid the issue (Adey et al., 2013). In some cases, where scarring from boring organisms or diagenetic alteration of dead skeleton, which later can be recolonized, does cause unconformities in the archival record, the skeleton is rendered undatable. To mitigate the impact of boring on skeletal archives, (Adey et al., 2015a) show that sampling from bottom types that limit boring can extend both the age and the paleoenvironmental fidelity of C. compactum beyond the current 800–1800-year limit.

Experimental work in both the laboratory and field has shown growth in the genus Clathromorphum to be largely a function of light availability and temperature (Adey, 1970; Halfar et al., 2008; Williams et al., 2018; Williams et al., 2021; Westfield et al., 2022). Additionally, multiyear growth, anatomical development, and calcification rates have been investigated for wild specimens of C. compactum collected from northern Labrador, where a six to eight month sea-ice regime exists (Adey et al., 2015a). However, a complete understanding of algal growth through sea-ice-covered seasons in High Arctic regions characterized by more extensive sea-ice cover and complete darkness is lacking. Although algal growth appears to decline in winter months, several lines of evidence point to continued growth and calcification even after the onset of winter sea-ice for at least one to two months as the algae metabolize stored photosynthate (Rhodophycean starch) to continue growing (Williams et al., 2018). First, very low Mg/Ca ratios measured in algal specimens sampled from the High Arctic (Halfar et al., 2013) indicate that growth of C. compactum slows significantly in the colder winter months, owing to the decrease in sunlight reaching the seafloor (due to decreased insolation and the build-up of sea-ice and snow cover) and the decline in seawater temperatures to as low as -1.8°C, but apparently continues for some time in order to record the very low Mg/Ca signatures reflective of low seawater temperatures (Halfar et al., 2013). Second, recent work by Williams et al. (2018) observed that C. compactum continues to grow and calcify under experimental conditions of complete darkness, apparently until stored photosynthate is exhausted.

The strong relationship between year-to-year variability in annual sea-ice extent and algal growth has allowed for the reconstruction of sea-ice variability in the High Arctic through time using a combination of both skeleton growth band anomalies and Mg/Ca anomalies in this species through time (Halfar et al., 2013; Hetzinger et al., 2019; Leclerc et al., 2022a; Leclerc et al., 2022b). Leclerc et al. (2022b) for instance, find strong correlations between growth band thickness (growth anomalies) and summer sea-ice concentrations in three cross-dated specimens of C. compactum from Beechey Island, Nunavut. However, the laboratory experiment of Williams et al. (2018) also illustrates that light availability may have a large control not only on the growth and calcification of this marine alga, as previously illustrated, but also on the incorporation of Mg/Ca into the skeleton, adding uncertainty to the Mg/Ca proxy for reconstructing both seawater temperature and sea-ice extent. Therefore, a refinement of our understanding of seasonal variations in algal growth and calcification in regions of the High Arctic is necessary for finetuning of the algal sea-ice proxy.

Here, we present the results of an 11-month in situ growth monitoring experiment in Ikpiarjuk (Arctic Bay) Nunavut, Canada, to address the gaps in our understanding of C. compactum growth over an annual cycle. We develop a framework for algal growth, which has implications for the use of CCA growth banding for reconstructing sea-ice extent as well as for skeletal element-based (e.g., Mg/Ca) chronologies. These findings inform both the proxy calibration and age-modeling of these important marine archives and speak to the potential impact of environmental change on this important ecosystem engineer.



2 Materials and methods


2.1 Study site and experimental setup

The Ikpiarjuk (Arctic Bay) in-situ growth experiment commenced in September 2019 at 72°59.747’ 85°04.589’ (Figure 1). This High Arctic location was considered an ideal setting for this experimental setup due in part to the lack of deep grazing pressure on skeletal accretion owing to the much colder Arctic waters than found in other potential locations such as in the Aleutian Islands, where work by Rasher et al. (2020) observed extensive grazing on the species Clathromorphum nereostratum. Clathromorphum compactum were first identified at 15 m on the western coastline of Arctic Bay using an underwater camera survey. Alga were then collected by SCUBA using hammer and chisel. All algal colonies collected were submerged in holding tanks filled with a seawater calcein solution (5 mL 1% Western Chemical SE-MARK calcein L-1 seawater) for a period of 72 hours to mark the initiation of the experimental period. Algal colonies were then sectioned with a hammer and chisel to roughly 25-cm2-sized fragments and affixed with z-spar epoxy resin (A-788 Splash Zone 2-Part Epoxy Compound) to individual acrylic plates marked with a unique sample number. Individual algal plates were then set on larger sample plates (8 algae/plate) equipped with environmental sensors (Figure 2). A total of 80 individual algal colony fragments were re-deployed to the seafloor at the same depth they were collected (15 m) (Figure 2). Sea-ice thickness (cm) was measured across the experimental period using an auger and tape measure (Figure 8). Snow cover on the sea-ice was not well documented throughout the study and was therefore not included as a variable in this analysis, however, we acknowledge that snow-cover atop the sea-ice may have contributed to the measured declines in insolation to the seafloor observed here.




Figure 1 | (A) Field sampling location in Ikpiarjuk (Arctic Bay), Nunavut, Canada (yellow square). (B) Seafloor at 72°59.747’ 85°04.589’ 15m depth, where the experimental array was deployed from September 2019 through August 2020. (C) Clathromorphum compactum specimen collected at sample site.






Figure 2 | (A, B) Algal experimental setup on the seafloor in Arctic Bay, Nunavut, Canada. (photo credit: Eric Brossier). (C) Algal sample plates, each equipped with an ONSET HOBO Pendant MX2202 temperature/light data logger and 8 algal specimens.





2.2 Data collection


2.2.1 Algal sampling

A subsample of algae was randomly sampled from the experimental array on a quasi-monthly basis by SCUBA. At each collection time point, algae were recovered by clipping individual algal plates from the larger array and brought safely aboard the RV Vagabond, which overwintered at the study site. Once aboard, the sample ID was recorded and the algae were rinsed in ethanol and left to dry before being wrapped in paper towels for safe transit to Northeastern University’s Marine Science Center at the conclusion of the experiment. Due to technical issues, the March and September 2020 collection of algae were not possible. When possible, 8 to 10 algae were collected during each dive (see Table 1 for algal collection schedule), and a total of 68 algae were collected at the conclusion of the experiment in August 2020.


Table 1 | Arctic Bay, NU C. compactum sampling schedule.





2.2.2 Environmental data

The algal experimental array was equipped with ONSET HOBO Pendant MX2202 temperature/light data loggers set to record both lux and temperature at 20-minute intervals throughout the experimental period. These loggers were affixed to the stages holding the algal specimens at the height of the algae and oriented parallel to the sea surface so that incident light would be recorded at the average depth and angle of the algae. Loggers were cleaned and data offloaded during each collection dive. Sea-ice thickness was measured across the experimental period as well using an auger and tape measure (Figure 8).

Monthly integrated incident light energy data were computed at the plane of the algae by first converting instantaneous lux measurements from the HOBO pendant loggers to photosynthetic photon flux density (PPFD, µmol photon m-2 sec-1) using the conversion factor for sunlight of 0.0185 (Apogee Instruments). Next, average hourly irradiance was computed across all days per month (Figure 3), and the area under the irradiance curve was solved for using the R package MESS (Miscellaneous Esoteric Statistical Scripts) and the function auc (area under curve) to achieve average daily light energy values for each month, which were then converted to monthly integrated energies (µmol photon m-2 month-1) by multiplying the area under the curve by the number of days in each month. Average monthly temperatures are reported in °C and were computed using the 20-minute logged temperature averages from the deployed HOBO pendant loggers (Figure 4 and Table 2).




Figure 3 | Daily average (navy) and maximum (light blue) incident light profiles by month at 15m depth in Arctic Bay, Nunavut, Canada across the experimental period. Note differences in y-axis scales.






Figure 4 | Daily average (maroon) and maximum (pink) temperature profiles by month at 15m depth in Arctic Bay, Nunavut, Canada across the experimental period. Note differences in y-axis scales.




Table 2 | Modeled C. compactum extension rates and monthly average temperature and incident light energies.






2.3 Algal growth


2.3.1 Linear extension measurement

Algae sections were prepared at University of Toronto Mississauga, where specimens were first cut using a wetted diamond-coated circular saw, and then sectioned to a thickness of 4 to 5 mm with a petrographic trim saw equipped with a diamond-coated blade and affixed to glass slides using Crystalbond™ epoxy. An Accutom 100 precision grinder was used to create a flat surface, and algal sections were then polished to a grit size of 3µm. Sections were then photomicrographed with a Nikon AZ100 on-axis macroscope equipped with a Nikon DS-Ril digital cooled camera head and a fluorescence module at Northeastern University’s Marine Science Center to quantify linear extension (growth) of the perithallial skeleton during the experimental period. Linear extension of the perithallium was measured as the average distance from the calcein marker to the meristem by taking an average area of growth divided by the lateral distance of the calcein marker under this area (see Figure 5). Due to the image resolution and because all growth estimates for subsequent collections are referenced to the first month of experimental growth, which includes the period during which the algae were stained with calcein dye, the average thickness (3.75 µm) of the calcein line was removed from all linear extension measurements used in subsequent analyses. Linear extension was measured across the entire surface of the sectioned alga. Multiple measurements of linear extension across the surface of a single algal section, or, in some cases, multiple sections of the same alga, averaged to yield a mean rate of linear extension for each specimen.




Figure 5 | Fluorescent microscope images of representative C. compactum sample. (A) Image depicting calcein line (indicating initiation of experimental period September 28, 2019), meristem, epithallial skeleton and perithallial skeleton. (B) Image depicting calculation of average linear extension, measured by obtaining an area above the calcein line and below the meristem divided by the lateral distance of the calcein marker below this area.



Growth rate modeling for each month of the experimental period was conducted using a LOESS local regression model describing the average algal extension at each sample time-point. The model span was set to 70% to best capture the shape of the growth extension data and to avoid overfitting of the observed cumulative growth over time (see section 3.3.1 and Figure 6).




Figure 6 | Average algal linear extension (µm) at each sample collection (October 28, 2019, through August 31, 2020). Error bars indicate standard error on mean algal linear extension computed from multiple linear extension measurements across individual algal surfaces. Locally weighted scatterplot smoothing (LOESS) model shown in solid line with shaded 95% confidence interval.







3 Results


3.1 Environmental data

Monthly average temperatures at the Ikpiarjuk (Arctic Bay) experimental array spanned a total of 5°C throughout the year, ranging from 3.2°C in August to -1.81°C in May (Figure 4 and Table 2). Incident light energy to the seafloor at 15 m depth ranged from a maximum of 9.37E07 µmol m-2 month-1 (3.02E06 µmol m-2 day-1) in July to a minimum of zero in January (Table 2). Sunlight declined by a factor of ten from October through November, as sea ice covered the bay in its entirety. However, a minimal amount of sunlight reached the seafloor through December, with complete darkness being reached in the month of January during the polar night. Sunlight was observed to return to the seafloor, despite the presence of sea ice, in the months of February and March, although the average daily incidence at 15 m was minimal. Sea-ice thickness was measured at several timepoints throughout the experiment. Sea-ice formation began during the month of October and grew to a maximum thickness of 160 cm above the algal array during the month of May. Sea-ice broke up during the second half of June and had completely disappeared by the first week of July 2020 (see Supplement S2 and Figure 8).



3.2 Algal growth


3.2.1 Linear extension

Linear extension could be measured for 60 of the 68 algae collected throughout the experiment (Tables 1; S1). Eight of the algae did not exhibit pronounced calcein markers for identifying the onset of the experimental period. Linear extension of the perithallial skeleton through time across the experiment ranged from an average ( ± SE) of 8 ± 1.8 µm by the end of October 2019 to an average ( ± SE) of 63 ± 4.7 µm by the end of August 2020 (n = 60). The maximum algal extension observed across the experiment was 79 µm for an individual collected in August 2020, and the minimum was 3.5 µm for an individual collected in October 2019.



3.2.2 Growth rate modeling

Cumulative growth across the experiment was modeled using local regression (LOESS model with a span of 70%, Figure 6) in order to produce monthly-resolved estimates of cumulative average linear extension across the entire experimental period. This allowed for the computation of predicted average cumulative growth for sample time points missing from the dataset (e.g., March). Using the modeled predictions for each month, monthly linear extension rates (defined here as the vertical growth of the perithallial skeleton) were quantified by subtracting the previous growth period’s modeled cumulative extension and dividing this value by the number of days in each respective month. This method assumes equal growth per day throughout each month of growth. Average monthly growth rates for the month of September (outside of the study period), were estimated using the same approach as above, where a local regression model describing the growth rates through time from January through December allowed for the interpolation of Septembers growth as 0.32 µm day-1. This approach yielded modeled algal extension rates ranging from a maximum of 10.86 µm month-1 during August to a minimum of 1.73 µm month-1 µm during the month of November (Figure 7 and Table 2). Approximately 54% of the annual algal growth occurs in the summer interval of June through the end of September. A total of 21% of the growth occurs in the transition months of October and May, and 25% occurs during the cold and dark winter interval of November through April. Linear extension rates presented here represent vertical skeletal extension, not added individual calcified cells. However, assuming published mean cell lengths (Adey et al., 2013: mean winter cell lengths equal to 9 µm and mean summer cell lengths equal 12µm), the algae in Arctic Bay would have produce a total of six to seven cells across the experiment, with approximately two of these cells produced during the winter season.




Figure 7 | Modeled linear extension rate (µm/month) for each month (October 2019, through August 2020). Error bars indicate standard error on predicted algal linear extension rate computed using LOESS regression with a span of 0.7 or 70%.







4 Discussion


4.1 Annual algal growth

Cumulative growth across the experiment resulted in an average skeletal extension of 63 ± 4.7 µm from October 2019 through August 2020. Our modeling suggests that, including September’s estimated growth of 9.6 µm, Arctic Bay algae grew an average of approximately 72.5 µm in one year, which is consistent with previously observed Arctic Bay algal specimens ranging between 50 and 90 µm yr-1 (Adey et al., 2013; Halfar et al., 2013). Overall, growth rates indeed increase with both temperature and light energy throughout the year (see Figure S1). We posit that algal growth in the High Arctic is as limited by temperature as it is by light energy, although the weight of these factors influence growth disproportionately throughout the year, such that there exist two fundamentally different growing periods that are bracketed by two transition periods. Figure 8 illustrates the modeled growth rates of Arctic Bay algae from this experiment in relation to environmental variability of the incident light energy, temperature, and sea-ice thickness in the bay. There is an appreciable amount of growth that continues to occur through the cold and dark winter months. We define here a Summer Phase of algal growth as growth occurring during the months of June through September, the Winter Phase of algal growth occurring during the months of November through April, and two transition periods occurring during the months of May and October, as detailed below.




Figure 8 | Observed environmental variability and modeled algal growth rates through time (January – month 1 through December – month 12) at the experimental array in Arctic Bay, NU. (A) Incident light energy (µmol photon m-2 month-1), (B) Average monthly temperature (°C), (C) sea-ice thickness (cm), and (D) modeled algal growth rate (µm month-1).





4.2 Winter phase growth

Our results also provide the first in situ evidence that algal growth continues through the cold, dark sea-ice covered months, as predicted both by Halfar et al. (2013) work illustrating that Mg/Ca recorded in the skeleton of C. compactum is representative of the sea-ice covered -1.8°C waters that exist during the coldest and darkest months of the year, as well as the experimental work by Williams et al. (2018) showing that C. compactum growth continues for at least one month in complete darkness. This growth of C. compactum in the dark was previously linked to the utilization of starch stored in the perithallial tissue (Freiwald and Henrich, 1994; Williams et al., 2018). Here, we observe a sharp decline in growth rates from October through November (Figure 8), as shore-fast sea-ice develops, and as sunlight declines. However, we observe a continuation in growth rates during the Winter Phase across the following five to six months as darkness continues and temperatures continue to drop (Table 2 and Figures 8, 9). We hypothesize that this reflects the slow activation of stored starch nodules (photosynthate) deep in the perithallium (Figure 10; Williams et al., 2018). Although growth is occurring, it is significantly less than would be expected in the absence of sea-ice during this time, especially as the sunlight begins to return to Arctic Bay in February. Indeed, growth appears to slow acorss the months of January through February. However, looking closely only at the Winter Phase months (Table 2), a slight increase in light energy to the seafloor as the polar night ends (November – January) may also contribute to the steady increase in growth rates through time, even as temperatures continue to drop and sea-ice builds. While utilization of stored photosynthate from warm and bright summer months is likely the main driver of continued growth in the winter phase, it may be possible that light energy reaching the seafloor even before the sea-ice breakup could contribute to the onset of photosynthesis. This is especially evident for growth during the transition from the Winter Phase to the Summer Phase during the month of May, where temperature reaches its minimum, but incident light begins to increase slightly (Table 2).




Figure 9 | Average monthly temperature (°C) and incidence light energy (µmol photon m-2 month-1) trajectory for the Arctic Bay, NU experimental array colour and size indicate average modeled algal growth rate (µm month-1). Small inlay figure shows growth rates from November through the month of May. Black numbers beside each point also indicate average modeled algal growth rate (µm month-1).






Figure 10 | Schematic representation of algal growth and calcification.



Roberts et al. (2002) investigated two dominant Greenland crustose coralline red algae species that had compensation irradiances (the point at which photosynthetic activity exceeds respiration) of 0.7 – 1.8 µmol photons m-2 s-1. This type of light regime would only be possible in the months of June through October in Arctic Bay. Unfortunately, no reports of experimental growth and photosynthetic rates in such low light conditions for C. compactum are currently available, nor has the compensation irradiance for C. compactum been determined. Therefore, this hypothesis of low-light photosynthesis cannot be explicitly tested within the scope of this study and would require future experimental analysis of photosynthetic activity under low-light conditions, and the determination of C. compactum’s photosynthetic compensation point. Alternatively, some Arctic crustose coralline algae may have the capacity for dark CO2 fixation (Kremer, 1981; Freiwald and Henrich, 1994; Hofmann et al., 2018). If C. compactum can fix carbon independent of light availability, perhaps dark carbon fixation also contributes to continued calcification and linear extension through the winter months. Although outside the scope of this paper, dark fixation is another possible mechanism on which these High Arctic algae may rely for growth during long, dark winter months.



4.3 Summer phase growth

During the Summer Phase, algal growth is dictated by a combination of increased temperatures and light energy. We interpret the 12.6% increase (of total range) in algal growth rates between June and July as likely controlled by the marked increase in light energy, which totals 97.7% of the total light energy range observed (Figure 9). The marked increase in light energy far outweighs the increase in temperature during this period, which is only 39.8% of the total range. The growth rate increase of 11% of the total range from the month of July through August, where algal growth is highest, is likely controlled by the increase in temperature, which rose 53% of the total 5°C range even as light energy began to decline (Figure 9). Finally, growth rates decline from their maximum in August through the month of October, driven by similar declines in both light energy (by 69%) and temperature (by 62%) as the algae enter the Winter Phase, once again relying on built up stores of photosynthate acquired through the warm and bright Summer Phase (Figure 9).



4.4 Agreement with previous work

Overall, our observation of growth on a sub-annual scale agrees with the field work of Halfar et al. (2008), which shows that in the Gulf of Maine the relationship between seawater temperature and annual averages of δ18O in C. compactum are strongest for the months of June through September (indicating fastest growth in these months), are weaker in October through December and May, and are poor in the months of January through March. Importantly, we also observe continued growth through the darkest and coolest months of the year as predicted from experimental work (Williams et al., 2018) and archival work (e.g. Halfar et al., 2013). However, our work suggests that dark, winter growth does not entirely cease after one or two months of darkness as previously hypothesized, suggesting that either (a) photosynthetic activity and energy stores through the productive summer months are sufficient to sustain algal growth throughout the year, (b) low light levels to the seafloor reappearing after the polar night are enough to stimulate some photosynthetic activity, or some combination of (a) and (b). Further work evaluating calcification in the photosynthetically active epithallial layer and experimental work evaluating the evaluating photosynthesis under different low-light regimes and exposure lengths would further elucidate this alga’s capacity for growth in the High Arctic.



4.5 Implications

The use of algal growth band thickness as a proxy for reconstructing sea-ice extent in the High Arctic relies on the assumption that continued (appreciable) winter growth lasts only one to two months after the onset of sea-ice in each locality. The discrepancy in growth expected in the absence of sea-ice can clearly be seen when comparing algal growth rates across a latitudinal (temperature) gradient, where growth at higher latitude, cooler and sea-ice covered locations drops at a faster rate than predicted by temperature alone (Halfar et al., 2013). This difference in growth rates is referred to as the ‘sea-ice delta’ (Halfar et al., 2013; supporting information Figure S1). Our work, however, suggests that upwards of ~45% of annual algal growth occurs during the months of November through June when sea-ice covers or is present in Arctic Bay. Because archival work relies on algal growth anomalies and not absolute differences in growth band thickness between successive years, our findings suggest that one can still reliably reconstruct anomalous sea-ice variability using growth-band anomalies. However, the sensitivity of the growth band sea-ice proxy may vary geographically (locally) according to the length and extent of the sea-ice season. For instance, in regions further north (e.g., 80°N latitude) where the polar night is longer, there could be a lower overall contribution of winter growth, making the proxy more sensitive to sea-ice cover in this region.

Although geochemical analysis of the algal growth in these Arctic Bay specimens is outside the scope of this paper, investigation of the Mg/Ca composition of the calcified skeleton relative to the light and temperature regimes of Arctic Bay may provide further insight into the use of Mg/Ca in addition to growth banding thickness as a proxy for sea-ice extent. In addition to geochemical signatures, evaluation of calcification and growth at the cellular level may yield further insights into sub-annual growth of this Arctic alga, especially regarding sea-ice extent and cover, which may yield additional independent proxies of sea-ice extent as well.




5 Conclusion

Here we quantify the in situ growth of wild specimens of C. compactum at a near monthly temporal resolution throughout an annual cycle, describing growth rates of these algae under sea-ice covered oceans. Our results agree with previous findings that C. compactum growth continues in dark, cold, sea-ice covered waters. Although previous studies suggest that this growth only persists for a month or two, we show that these algae continue to grow throughout the entire winter sea-ice season, amassing roughly 25% of their annual skeleton in the winter (November-April) months and another ~21% during the transition months of May and October. Critically, we need to better understand the physiological processes that support this sustained algal growth in the absence of light, including the role that photosynthate stored in the deep perithallial skeleton plays in sustaining this growth during dark, winter months. We also observe increases in growth rates during the warm and high-insolation months in Arctic Bay, reflective of the impact that temperature and light availability have on the growth of this species of crustose coralline alga. How other environmental changes will impact algal growth in the High Arctic, associated with changing sea-ice extent and other environmental perturbations (e.g., salinity, pH, cloudiness, turbidity, pCO2, and bottom shear stress), while beyond the scope of this paper, are certainly important to advance our understanding of the future of these organisms. However, owing to its current geographic range (reaching southward to the Gulf of Maine) and thermal range (-1.8°C in the High Arctic to 12°C in the Gulf of Maine), it is feasible to consider a scenario in which the growth of C. compactum will be enhanced bylengthening of the growing season that results from warming waters and shorter sea-ice seasons, potentially increasing the abundance of C. compactum in the Arctic.
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