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Sea-ice macrofauna includes ice amphipods and benthic amphipods, as well as mysids. Amphipods are important components of the sympagic food web, which is fuelled by the production of ice algae. Data on the diversity of sea-ice biota have been collected as a part of scientific expeditions over decades, and here we present a pan-Arctic analysis of data on ice-associated amphipods and mysids assimilated over 35 years (1977–2012). The composition of species differed among the 13 locations around the Arctic, with main differences between basins and shelves and also between communities in drift ice and landfast sea ice. The sea ice has been dramatically reduced in extent and thickness during the recorded period, which has resulted in reduced abundance of ice amphipods as well as benthic amphipods in sea ice from the 1980’s to the 2010’s. The decline mainly involved Gammarus wilkitzkii coinciding with the disappearance of much of the multiyear sea ice, which is an important habitat for this long-lived species. Benthic amphipods were most diverse, and also showed a decline over the time-span. They had higher abundance closer to land where they are associated with landfast ice. However, they also occurred in the Central Arctic Ocean, which is likely related to the origin of sea ice over shallow water and subsequent transport in the transpolar ice drift. Recent sampling in the waters east and north of Svalbard has found continued presence of Apherusa glacialis, but almost no G. wilkitzkii. Monitoring by standardized methods is needed to detect further changes in community composition of ice amphipods related to reductions in sea-ice cover and ice type.
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INTRODUCTION

Sea ice in the Arctic provides a habitat for a range of biota that provide organic carbon and energy to Arctic marine ecosystems (Horner et al., 1992; Kohlbach, 2016, 2021; Flores et al., 2019). The spatial distribution of sea-ice biota (hereafter referred to as sympagic or ice biota, cf. Legendre et al., 1992) is shaped by dynamic properties of both sea ice and the underlying water column. The origin and age of Arctic sea ice as well as water depths or distance from land are important factors which impact the resulting community composition of sea-ice biota, with pronounced differences among biota and living conditions in annual coastal landfast sea ice, and off-shore drift ice, which is composed of first-year and multiyear ice. The sea-ice fauna inhabits a wide range of microhabitats inside the brine channel system, in melt ponds on top of the ice, and immediately underneath the ice at the ice-water boundary including pressure ridges (Hop and Pavlova, 2008; Gradinger et al., 2010).

Based on size, sea-ice fauna can be separated into microfauna, which includes single-celled organisms (generally <62 μm; Carey, 1985), meiofauna, which comprises multi-cellular organisms (20–500 μm; Bluhm et al., 2018) and larger-bodied macrofauna (>500 μm; Hop and Pavlova, 2008). Sea-ice macrofauna comprises mainly ice amphipods, some species of benthic amphipods, mysids (Mysis polaris and M. litoralis), polychaetes (Harmathoinae indet.) as well as the copepods Jaschnovia brevis and Tisbe furcata (Melnikov and Kulikov, 1980; Gulliksen and Lønne, 1991; Lønne and Gulliksen, 1991b; Scott et al., 2002). The autochthonous macrofauna spends their entire life cycle in association with sea ice, although recent studies have indicated that the ice amphipod Apherusa glacialis also occurs pelagically (Berge et al., 2012; Kunisch et al., 2020); it may leave the ice during winter for reproduction. Dozens of other taxa, such as copepods, pteropods and ctenophores inhabit the under-ice realm (Arndt and Swadling, 2006). Gelatinous zooplankton (ctenophores and jellyfish) have been observed at high densities just below the ice by remotely operated vehicles and scuba divers (Raskoff et al., 2005, 2010; Purcell et al., 2010; H. Hop, dive observations), where they congregate in turbulence areas created by ridges. Winged snails, particularly Clione limacina, are also commonly observed below sea ice (Böer et al., 2005; H. Hop, dive observations).

Ice amphipods feed on ice algae, sympagic, and pelagic fauna, as well as detritus (Werner, 1997; Poltermann, 2001). The small gadid, polar cod (Boreogadus saida), is often associated with sea ice, where it feeds on ice-amphipods as well as pelagic amphipods and copepods (Lønne and Gulliksen, 1989; Gradinger and Bluhm, 2004; Hop and Gjøsæter, 2013). This species receives much of its carbon from the production by ice algae (Kohlbach et al., 2017). Ice algal carbon has been traced to the sea-ice macrofauna as well as pelagic and benthic fauna, including marine mammals, in different regions of the Arctic (Wang et al., 2015; Kohlbach et al., 2016, 2019, 2021; Brown et al., 2017, Koch et al., 2021).

Higher trophic levels in the Arctic Ocean and its marginal seas are directly or indirectly supported by organisms that are associated with sea ice. Ice amphipods and polar cod, particularly the younger year-classes of polar cod, which can be found in drifting pack-ice (Lønne and Gulliksen, 1989; Gradinger and Bluhm, 2004; David et al., 2016), are important prey for Arctic marine mammals and seabirds (Bradstreet and Cross, 1982; Lønne and Gabrielsen, 1992; Welch et al., 1992; Bluhm and Gradinger, 2008).

The hallmark of climate change is the drastic decline (over 30%) in the sea-ice cover over the past 40 years since the satellite record has allowed accurate observation and interannual comparisons (e.g., Polyakov et al., 2017; Perovich et al., 2018). The Arctic ice cover has declined during all seasons of the year (Nghiem et al., 2007; Barber et al., 2015). The average age of individual Arctic ice floes has decreased from multiyear to mainly first- and second-year sea ice, generally decreasing the thickness of Arctic sea ice by 0.5 m or more from the 1980’s to 2010’s (Bi et al., 2016; Perovich et al., 2018). Multiyear sea ice, which used to cover about 75% of the Arctic seas in 1983, is currently limited to the areas north of Greenland, the central Arctic and parts of the Canadian Arctic Archipelago, with as little as 62% of the summer ice cover remaining compared to 1978–1988 values (Maslanik et al., 2007; Stroeve et al., 2012; Meier et al., 2014). First-year ice has concomitantly increased in relative proportion and importance, although dates of its freeze-up and break-up have also shifted substantially (Markus et al., 2009), leaving large parts of the Arctic without sea ice for an increasing part of the summer-autumn seasons (Arrigo et al., 2011; Renaut et al., 2018).

Data on sea-ice biota diversity have been collected as part of scientific expeditions over many years, yet here we present data on amphipods and mysids in a pan-Arctic context based on a comprehensive approach of data assimilation and integration. Under-ice crustaceans have been reviewed in Arndt and Swadling (2006), and estimated with regard to density (references in Table 1), but no numerical attempt has so far been made to synthesize data on macrofauna in a pan-Arctic context in a statistically rigorous manner.


TABLE 1. Published and unpublished data sources on Arctic sea ice amphipods and mysids included in the present study.
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FIGURE 1. Pan-Arctic map with study regions. Numbers refer to data sets in Table 1.


Consequences of extensive sea-ice loss for its resident biota – from bacteria to polar bears – seem inevitable, but are largely undocumented and poorly monitored (CAFF, 2017). Shifts are expected in ice-associated biota composition, abundance, biomass and the timing of the seasonal development (Gradinger et al., 2010; Leu et al., 2015). Documentation of ice biota composition, abundance and natural variability is critical for evaluating responses to the decline in Arctic sea ice. However, without sufficient monitoring, such changes will be impossible, or at best difficult to detect until effects are dramatic, e.g., disappearance of certain species, or until effects have been detected in other parts of the ecosystem due to the coupled processes between sea ice, water column and benthic biota. We are then left with the option of amalgamating and analyzing composite data sets, such as this 35-year dataset on ice macrofauna, in a pan-Arctic perspective. Results are discussed in a scenario of declining sea ice, which may seasonally completely remove the sympagic habitat and its ecosystem within decades (Stroeve et al., 2012; Overland and Wang, 2013).



MATERIALS AND METHODS


Data Sources

We synthesized sea-ice amphipod data from 47 sources from 13 locations across the Arctic for this study (Table 1 and Figure 1). The temporal coverage was 35 years, with samples taken at different intervals. Sample is here defined as a separate sampling event. The methods for amphipod collection varied as did the reported units (presence, catch per unit of effort, counts as ind. m–2, counts as ind. m–3, wet or dry weight in g m–2 or g m–3). Samples were mostly collected by scuba divers using suction pumps (Lønne, 1988) and frames for quantitative sampling (Hop et al., 2000), or nets operated by divers or pulled below the sea ice with ropes (Melnikov, 2019). For specific methods, see references listed in Table 1.



Data Processing

Data were compiled to presence-absence, absolute, and relative abundance datasets. Binary presence/absence information on ice-amphipods was extracted from all data sources regardless of the original unit. Ice-amphipod abundances (ind. m–2 or ind. m–3) were extracted from data sources that reported them. The abundances of each species were summed up for individual sampling efforts and used in further analyses. Individuals per cubic meter values were directly converted to ind. m–2 values assuming that all amphipods sampled using methods reporting m–3 values were located directly under the ice (<0.2 m, based on vertical dimension of sampling net). Percentage contribution of ice-amphipod species to a sample were calculated from other units than presence. A contribution of a single species was divided by the summed contribution of all species within a sample.

The estimates and comparisons include sampling bias due to different sampling methods (e.g., nets vs. suction pumps). Most datasets reported amphipod presences when at least one ice amphipod individual was present, which implied that we could not use the binary dataset as presence/absence data, but rather as relative species occurrence data. There were exceptions, such as the data from Rijpfjorden, Svalbard (Nygård et al., 2012), recorded as catch per baited-trap day including sampling events without sympagic amphipods. Most samples were taken during the summer when ice was present (Figure 2). Data were collected from different regions of the Arctic in different years. Each region, no matter how large, did not contain data from similar range of years, methods, and sample sizes. Data were collected during varying clusters of years leaving gaps in the temporal dataset (Figure 2). This, together with varying sampling methods, locations, years and times led to unbalanced data. Juveniles were counted as individuals in some data sets, but not in all (or it was not specified if they had been included), increasing the abundances in certain samples by several orders of magnitude. Excluding these samples as outliers was considered, but would have been difficult to do consistently for all datasets.
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FIGURE 2. Number of samples per year, region, and month for the three datasets.


Some of the metrics used here are abundance (contribution of species by number or weight), occurrence (how often species occurred in the dataset), frequency of occurrence (proportion of samples containing one or more specimens of a given species mostly, but not always, when at least one sympagic amphipod was present), and aggregate percentage (AP; mean percentage contribution of a species to the total abundance of a sample, calculated as an arithmetic mean of percentages, see Martin et al., 1946; Bluhm et al., 2018).



Statistical Methods

We used the statistical techniques found most appropriate, although the assumptions were sometimes not valid. This also makes it difficult to draw firm conclusions on the effect of temporal changes in sea ice on its inhabitants. To examine the long-term changes in sea-ice crustaceans (sympagic amphipods and Mysis polaris) abundance over time, predictor variables were categorized (year, data source, distance from land, month, latitude, day length, region, solar angle, and ice type) and their relative importance was examined using R2 values adjusted to number of groups in ANOVA models with logarithm-transformed abundance (ind. m–2) as response variable and groups for a single explanatory factor as predictors (Table 2). The most important factor, data source (i.e., reference), also produced the lowest Akaike’s Information Criterion (AIC) in consequent general additive mixed models [GAMMs; log(total) ∼ s(year, by = data source) with AIC of 1368, followed by an AIC of 1426 of log(total) ∼ s(year, by = month)]. Consequently, data source was used as a random intercept in a GAMM, which was formulated as log(total) ∼ s(year), random = list(data source = ∼1), where total is the total abundance, year the year as an integer, and data source a categorical variable, using the mgcv package for R (Wood, 2017). Species trends were further examined using similar models with log +1 transformed species abundances to account for zero values. Monthly abundances were examined using similar GAMMs with s(month) as the predictor variable, where months were handled as integers. The occurrences of sympagic (A. glacialis, G. wilkitzkii, and Onisimus spp.) and benthic amphipods at distances from land (<850 km) were examined using GAMMs with binomial logit link function, data source as random intercept, smooth term of distance from land as predictor, and presence/absence as response variable. The analysis was run using binary data to increase number of observations (n = 600). All data were examined together using non-metric multidimensional scaling (nMDS) with a Bray-Curtis dissimilarity matrix calculated from the percentage data. Species scores were fitted using square-root transformation and Wisconsin double standardization using the function metaMDS from the vegan package for R (Oksanen et al., 2020). Environmental variables were fitted to this ordination using the envfit and ordisurf functions. Factors were data source, year, ice type, month and region, and vectors included depth, distance from land, Photosynthetic Active Radiation (PAR) and solar angle at the time of sampling. Only predictor variables that fitted the ordination with p < 0.05 were included.


TABLE 2. Relative importance of categorized predictor variables in explaining the variability in sea ice macrofauna abundance measured using ANOVAs.
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RESULTS


Pan-Arctic Distribution

We recorded a total of 16 amphipod species (and a few taxa identified to genera) and one mysid species in 600 samples from 13 locations across the Arctic Ocean and over the 35-year period considered (Table 3). Of the ice amphipods recorded, Apherusa glacialis was the most frequently occurring amphipod encountered across the Arctic sea ice and the most abundant ice amphipod (Table 3). Apherusa glacialis occurred in high abundances both in shelf and off-shelf areas, but lower frequency of occurrence (%) in the landfast ice of Rijpfjorden (Figure 3). The second-most frequently occurring species, and third-most abundant ice amphipod, was Gammarus wilkitzkii (Table 3) which occurred in all sampling areas (Figure 3), although in <50% frequency of occurrence in landfast ice areas. Onisimus spp. was the second-most abundant amphipod and present in all types of ice and regions, albeit in lower abundances when juveniles were not included (Table 3 and Figure 3). Eusirus holmii occurred rarely and was mostly present in the central Arctic Ocean, but could also occur on shelves (Figure 3). Amphipods of benthic origin had a higher species richness than ice-endemic taxa, with at least 14 species (in some cases only identified to genus; Table 3) and were most frequent in sea ice close to land, but were also observed in the Central Arctic Ocean. The most frequently occurring benthic amphipods were Anonyx nugax, Gammaracanthus loricatus, Neopleustes sp., and Gammarus setosus. Onisimus litoralis was rare, but very abundant when present (Table 3). The highest percentage values for benthic amphipods were from coastal waters in Resolute (Canada), the Siberian shelf and Rijpfjorden, although they also occurred in the Central Basin and Amerasian Basin (Figure 3). The mysid Mysis polaris was only reported with quantitative values from Baffin Island sea ice.


TABLE 3. Species associated with sea ice, by their frequency of occurrence (FO, % samples), abundance (Ab, ind. m–2) and aggregate percentage (AP).
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FIGURE 3. Pan-Arctic distribution of sea-ice macrofauna (ice amphipods and mysids). Distribution and abundance across the Arctic were aggregated from 47 sources (Table 1) between 1977 and 2012. Bar graphs illustrate the frequency of occurrence (%) of macrofauna in samples that contained at least one ice-associated crustacean. Red circles illustrate the total abundances of all ice-associated crustaceans in quantitative samples (ind. m–2) at locations of sampling. Number of sampling efforts for each region is given in parenthesis after region name. Blue dots represent samples where only presence data were available.




Inter-Annual Changes in Abundance

The variation in abundance data was best explained by year as categorical variable followed by data source (Table 2). Distance from land and month explained 16 and 13% of variation in the abundance data, respectively. The combined sympagic amphipod and Mysis polaris abundance had no meaningful linear trends (Figure 4A), although the values appeared higher in the 1980’s than the 2000’s. Apherusa glacialis abundance data showed no trend over time. However, the abundance trends were negative for Gammarus wilkitzkii, Onisimus spp. and benthic amphipods (Figure 4B).
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FIGURE 4. Annual changes in sympagic crustacean abundance as indicated by the general additive mixed models (GAMM). (A) Changes in total abundance of sympagic crustaceans (excluding benthic amphipods). Blue line indicates the GAMM model, blue shading the 95% confidence intervals and dots actual data. Note the logarithm scale on y-axis. (B) GAMM models for the abundance of four amphipod taxa. The values are presented as the centered covariate scale of the annual smoother. Dots indicate residuals.




Monthly Changes

The abundance of sympagic amphipods was higher during winter months, January–April, than in May–October (Figure 5A). The difference was mainly caused by A. glacialis and G. wilkitzkii (Figure 5B). Also benthic amphipods were more abundant under sea ice during winter, although they were not included in the total abundance estimate in Figure 5A.


[image: image]

FIGURE 5. Monthly changes in sympagic crustacean abundance as indicated by the general additive mixed models (GAMM). (A) Changes in total abundance of sympagic crustaceans (excluding benthic amphipods). (B) GAMM models for abundance of four amphipod taxa. See Figure 4 for additional explanation.




Distribution Related to Distance From Land and Ice Type

Ice amphipods (G. wilkitzkii, A. glacialis, and Onisimus spp.) were rare but present adjacent to land and were most frequently found approximately 100–200 km from land (Figure 6). The occurrence of these amphipods was relatively stable >200 km from land, with an increase in G. wilkitzkii in the central basin. Onisimus spp. and benthic amphipods, in contrast, were most frequently present in ice close to land, but benthic amphipods somewhat surprisingly also occurred in drift ice far away (>600 km) from land (Figure 6). The overall abundance of sea-ice macrofauna declined after 200 km from land potentially indicating a sampling bias (Supplementary Figure 1A).


[image: image]

FIGURE 6. Distance from land for binary (occurrence) data. The lines represent binomial GAMM models for each species. The gray density distributions indicate presences (1) and absences (0).




Community Composition

Ice amphipod composition was clearly separated by dominant species, depth and sea-ice type in the nMDS of which the latter two drove the separation along nMDS1 (Figure 7). Gammarus wilkitzkii occurred predominately in drift ice over deep water in the Beaufort Gyre and the Transpolar Drift area into Fram Strait. Apherusa glacialis was also mostly associated with drift ice over deep water during summers and was still abundant during later years (2009–2012) in the time series. Eusirus holmii and Onisimus spp. were predominately associated with shelf areas, although 7.4% were recorded from Basins. Eusirus holmii was only represented by few individuals, and did not contribute to region centroids (and its placement in Figure 7). Benthic amphipods were associated with shallow depths near landfast ice.
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FIGURE 7. Non-metric multidimensional scaling using Bray-Curtis dissimilarity matrix calculated from the percentage data. Black dots indicate samples, red text is species scores fitted using square-root transformation and Wisconsin double standardization, the light blue contour indicates bottom depth, light green text is ice type (landfast ice and drift ice) and purple text indicates region. The arrows represent continuous variables fitted to the ordination, while text indicates categorical variables. Dist, distance from land; PAR, photosynthetic active radiation.


Data source was the best explanatory factor of categorical variables (Table 4). This is not a surprise, because it had most levels (and therefore centroids) and most studies were conducted within a limited time-frame and region. Year contained the second-most levels and therefore explained the ordination second best. Ice type and month had R2 values of approximately 0.3, whereas region had the least explanatory power in the nMDS ordination. Bottom depth, which was highly correlated with distance from land, explained the ordination best of the continuous variables with R2 = 0.12 (Table 4). Solar angle at the time of sampling and PAR, available for a subset of samples below sea ice, explained minor fractions of the ordination (Table 4); PAR was included in Figure 7 to show its potential relation to Apherusa glacialis.


TABLE 4. Overview of explanatory variable fit to the nMDS ordination using percentage data.
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DISCUSSION


Pan-Arctic Distribution Patterns of Ice Amphipods

Under-ice amphipod distribution and abundance demonstrated large spatial, ice-related, and temporal (seasonal and interannual) variability. Despite this variability, our compilation confirmed the previously stated pan-Arctic occurrence of sympagic amphipods as well as the widespread association of various benthic amphipods with sea ice across ice types and regions (Arndt and Swadling, 2006).

Apherusa glacialis was found in all but one region (Rijpfjorden with newly formed fast ice), and its occurrence was highest 100 km from the coast, but high occurrence was also found further into the Central Basins. Earlier studies have stated that this short-lived (2-year life span) species tends to be most associated with first-year drift ice (Beuchel and Lønne, 2002). Some studies have indicated that these amphipods are capable of inhabiting the water column in absence of sea ice, at least for part of the year. Berge et al. (2012) suggested that A. glacialis in the Atlantic gateway may overwinter at depth within the Atlantic-water inflow near Svalbard, thereby avoiding being exported out of the Arctic Ocean through western Fram Strait. Kunisch et al. (2020) collated pelagic occurrence records over a 71-year period and found that A. glacialis was indeed consistently found away from its presumed sea-ice habitat on a pan-Arctic scale, albeit at different depths and water masses. In the Svalbard region, these authors demonstrated that A. glacialis was found in Atlantic Water both during summer and winter.

Gammarus wilkitzkii is an autochthonous sympagic species, which is known to spend all of its life cycle in association with sea ice (Melnikov, 1997). Even though this long-lived (6–7 years) species typically thrives in multiyear sea ice (Lønne and Gulliksen, 1991b; Hop et al., 2000; Beuchel and Lønne, 2002), it can also occur in other ice types (Poltermann, 1998; this study), as well as in planktonic or benthic habitats for some parts of the year (Weslawski, 1994; Werner et al., 1999). Consistent with the records of few individuals in benthic samples (Weslawski et al., 2010), the data synthesized here showed that the distribution of G. wilkitzkii included coastal areas, which would facilitate a sympagic-benthic coupling for part of their life cycle when the drift ice disappears during the summer. However, the mortality is likely high for individuals that lose their sympagic habitat, and this becomes a large annual drain on the population (Werner et al., 1999; Hop and Pavlova, 2008).

The two ice endemic Onisimus species, O. nanseni and O. glacialis, seem to follow a similar distribution pattern as Apherusa glacialis, but at much lower abundance. Their increase closer to the coast could be because of the inclusion of Onisimus spp. juveniles, which were abundant, may also have included juveniles of the benthic Onisimus litoralis. This benthic amphipod is common along the coast where it uses sea-ice algae as food when present (Gradinger and Bluhm, 2010).

Eusirus holmii, a large amphipod of similar adult size to G. wilkitzkii, is ice-associated (Macnaughton et al., 2007; this study), but also has a bathypelagic distribution (Barnard and Karaman, 1991) and was even found at the deep-sea floor in the Chukchi Borderland (Zhulay et al., 2019). Different colorations and eye characteristics are recognized in different habitats raising the possibility of cryptic species being present (Macnaughton et al., 2007). The signal of the ice-algal trophic marker IP25 in this species indicates that sympagic individuals obtain their organic carbon in part from sources other than ice algae, even though most of the carbon in this amphipod as well as other ice-associated amphipods was of sympagic origin in the studied individuals (Brown et al., 2017). This species has increasingly been reported from sea ice in recent years, with recorded densities of 0.3 ind. m–2 during sampling in the Nansen Basin in 2012 (Brown et al., 2017).

Benthic amphipods included 14 species (Table 2), but likely more since some were only classified to genus. We cannot exclude the potential presence of Pleusymptes karstensi, which was recently reported as ice-associated (Macnaughton et al., 2007), since other similar Pleustidae were reported in our dataset. Benthic ice-associated amphipods are mostly found in coastal areas below landfast sea ice or in shallow regions with drift ice (e.g., Pike and Welch, 1990; Werner and Arbizu, 1999; Nygård et al., 2012). They were more abundant closer to the coast, but, surprisingly, also abundant off-shore. Because of ice formation in shelf areas and vertical migration of certain organisms, the inclusion of benthic species into sea ice can happen over shallow water, and the benthic fauna is then subsequently transported with the sea ice into the Central Arctic Basin. The benthic amphipod species were often not separated into adults and juveniles, and the abundance could include high numbers of juveniles, which may settle and develop as the ice drifts around. The mysid Mysis polaris is considered to be part of the autochthonous ice fauna (Melnikov, 1984). It is listed as rare in Arndt and Swadling (2006), but likely underreported since our dataset only contained abundance values from Baffin Island sea ice. Based on its occurrence at several locations in the Arctic Ocean, it has been suggested that it lives toward the edge of the continental shelf and is carried from there by currents into oceanic areas (Geiger, 1969).



Temporal and Ice-Related Trends

The community composition changed with environmental variables as well as year of collection, which includes variability due to sampling gear and effort. Monthly variability in ice amphipod abundance indicated higher abundance during winter and autumn. The high abundance during the winter months is difficult to explain. A study of seasonal abundance of sympagic amphipods in Fram Strait found both A. glacialis and G. wilkitzkii during the winter, but at lower abundances (Werner and Auel, 2005). Young A. glacialis, however, appear in high proportions in March–April (Kunisch et al., 2020) and may have contributed to the pattern for those months, given that this species is the most abundant ice amphipod. In the late autumn, juveniles released from brood pouches during summer are likely increasing the counts when they are caught in sampling gear (Poltermann et al., 2000).

The main explanatory vectors in the multivariate similarity pattern of ice amphipod stations were depth below sea ice and distance from land, which were highly correlated. Landfast ice and drift ice are also related to depth and distance from land, since the fast ice is attached to land mostly over shallow water, whereas drift ice is further off-shore. The multivariate analysis (Figure 7) showed separation between the ice amphipod taxa, with A. glacialis being off-shore and most related to PAR reflecting the production season for ice algae, a seasonal food item for A. glacialis (Iken et al., 2005; Brown et al., 2017). Gammarus wilkitzkii was positively related to distance from land and depth, because as a species with a multiyear life cycle it is associated with older ice which is generally found in drift ice off-shore (Lønne and Gulliksen, 1991a; Hop et al., 2000). This ice amphipod separated from the benthic amphipods dominating closer to shore, with E. holmii placed somewhere on the shelf, although this species was also found at low abundances in basins.

Under-ice amphipod abundance overall demonstrated large seasonal and interannual variability, partly due to the patchiness of their habitats and heterogeneous distribution below ice floes (Lønne and Gulliksen, 1991a,b; Werner and Gradinger, 2002). Ice amphipods are able to withstand large fluctuations in environmental factors. They can reside inside brine channels as well as in the thin water layer (<0.3 m) with strongly reduced salinity that is typically formed under Arctic sea ice during the summer melt period (Eicken, 1994; Melnikov, 1997). As was shown by Aarset and Aunaas (1990), individuals of G. wilkitzkii subjected to such conditions show much higher energy expenses caused by osmotic stress. They may therefore prefer to stay associated with ridges or more complex multiyear ice floes (Hop et al., 2000; Gradinger et al., 2010). Thus, ice-amphipod abundance seems to be connected to both sea-ice morphology and age. Because multiyear ice has been severely reduced in the Arctic Ocean (Kwok and Untersteiner, 2011; Perovich et al., 2018), one would expect that this species has declined, and composite data from the Svalbard area have indeed indicated a drop in G. wilkitzkii abundance and biomass over time (Hop et al., 2013). Quantitative collections of ice amphipods are no longer possible at many ice stations in that area because of extremely low abundances of these crustaceans, with typical catches of <1 ind. m–2 (H. Hop pers. obs.; Ehrlich et al., 2020). Gammarus wilkitzkii abundances have been reduced to very low abundance levels (Hop et al., 2013) or complete absence from lists of under-ice fauna (e.g., Ehrlich et al., 2020). During recent expeditions (May–June 2021) to the northern Barents Sea and Nansen Basin of the Arctic Ocean in the Nansen Legacy Project1 and the NPI Microplastic Cruise, scientific divers found only two individuals of G. wilkitzkii below ridged first-year ice at seven ice stations (H. Hop, pers. obs.). A similar trend has been independently observed in the central Arctic (I. A. Melnikov pers. obs.). During the recent (2021) expeditions, Eusirus holmii was the only large amphipod present below sea ice, typically with few individuals sampled at each ice station. The smaller A. glacialis was still abundant (not quantified) and collected by scientific divers at most ice stations. This species is less likely to be reduced in abundance with changing ice cover, including seasonal ice loss. Regular observations of A. glacialis in the pelagic realm suggest that this species may be less dependent on sea ice as a habitat (Kunisch et al., 2020), thus being more flexible and able to adapt to changing ice cover. Benthic amphipods also showed a decline, which may be related to less sea ice over the shelves of the Arctic Ocean, where these organisms are incorporated, and seasonal melt of the first-year pack ice which drops them to the sea floor.

Temporal trends in sea-ice biota diversity and/or abundance/biomass are very challenging to detect for two main reasons: the large natural variability within the sea-ice system and the lack of systematic and consistent monitoring of sea-ice biota. The community structure of ice algae, with dominance of diatoms, seems to have prevailed in the central Arctic from the 1980s to the 2010s, and reduction in sea-ice protist diversity was coincident with a shift in the regions sampled and decreased sampling effort (Hop et al., 2020). However, these authors showed that multiyear sea ice contained 39% more diatom species than first-year ice, which explained the previously reported decreases in sea-ice protist diversity (Bluhm et al., 2017). The meiofauna community in sea ice has changed, with reductions in biodiversity noted in studies conducted in the 1990’s compared to the 1970’s (Melnikov et al., 2002). However, analysis of longer time series, 1979–2015, showed that region and local environmental factors (e.g., distance from land and depth) were most important for the observed variability (Bluhm et al., 2018). Declines in sea ice also have negative consequences for some species or populations of marine mammals and seabirds (Laidre et al., 2015; Descamps and Strøm, 2021), particularly ice-dependent species, such as ringed seal (Pusa hispida), polar bear (Ursus maritimus) and ivory gull (Pagophila eburnea) (Strøm et al., 2020; Florko et al., 2021). Cetaceans, on the other hand, have generally increased from 2002 to 2014 in waters around the Svalbard archipelago because of ocean warming, increase in temperate prey species and decline in sea ice (Storrie et al., 2018).



CONCLUSION AND OUTLOOK

Sea ice is a species-rich habitat, with ice amphipods as important components that constitute a direct link to higher trophic levels. In the current study, we expected reductions in ice amphipod abundance over time based on our composite 35-year dataset. Some of us have worked a lifetime in the Arctic, as researchers and scientific divers, and certainly have this impression from in situ observations. While we were not able to detect meaningful linear reductions in the overall abundance, most likely due to biases and problems with the compiled dataset, G. wilkitzkii did demonstrate a negative and significant linear trend from the mid 1990’s, and negative trends were also apparent for Onisimus spp. and benthic amphipods.

The diversity of amphipods associated with sea ice was higher close to land because of higher abundances of benthic amphipods, but these were also found in the Central Arctic Ocean reflecting the drift of sea ice. The autochthonous amphipods were most abundant in the off-shore regions at distances >200 km from shore, but varied among regions, partly because of sampling bias.

Future projections for the under-ice associated fauna are uncertain. The multiyear ice ecosystem is capable of supporting a relatively constant species composition of permanent ice biota, while the species composition of the biota of the seasonal sea-ice ecosystem of first-year ice largely depends on ridges as complex structures for protection and the biota of the water column for recruitment. Thus, first-year ice would be sufficient for short-lived species like A. glacialis, and Onisimus spp. with a 3-year life span (Arndt and Beuchel, 2006), but not for G. wilkitzkii. In the current sea-ice cover situation in the Arctic, these two ice situations co-exist (Figure 8). However, the future pan-Arctic scenario, which needs to be consistently monitored, will include predominately first-year sea ice and more open water. Thus, large changes are still expected in the sympagic ecosystem.
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FIGURE 8. Ice-amphipods below sea ice during spring-summer in past and present scenarios of declining sea ice over the Polar Basin and shelf seas.
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