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In 2011, a first comprehensive assessment of the footprints of climate change on Arctic marine ecosystems (such as altered distribution ranges, abundances, growth and body conditions, behaviours and phenologies, as well as community and regime shifts) was published. Here, we re-assess the climate-driven impacts reported since then, to elucidate to which extent and how observed ecological footprints have changed in the following decade (2011 to 2021). In total, 98 footprints have been described and analysed. Most of those impacts reported in the 2011 assessment are reconfirmed and can, hence, be assumed as continuing trends. In addition, novel footprints (behavioural changes, diet changes, altered competition and pathogen load) are described. As in 2011, most reported footprints are related to changes in distribution ranges, abundances, biomass and production. Range shifts have mostly been observed for fish species, while behavioural changes have mainly been reported for mammals. Primary production has been observed to further increase in Arctic seas. The footprints on pelagic herbivores, particularly the key species Calanus spp., are less clear. In comparison to 2011, more complex, cascading effects of climate change, such as increased bowhead whale body conditions due to increased primary production, have been reported. The observed footprints, and the trends that they indicate, strongly suggest that due to further northward range shifts of sub-Arctic and boreal species Arctic seas are likely to experience increasing species richness in the future. However, a tipping point may be reached, characterized by subsequent biodiversity decline, when Arctic-endemic species will go extinct as ocean warming and/or acidification will exceed their physiological adaptation capacity. Furthermore, as invading boreal species have a competitive advantage due to their wider physiological and trophic range, Arctic species abundances are predicted to decrease. Overall, the future Arctic Ocean will very likely experience increasing numbers and intensities of climate-change footprints.
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1 Introduction

Climate change is particularly rapid, pronounced, and momentous in polar regions (Fox-Kemper et al., 2021; Gutiérrez et al., 2021; Ranasinghe et al., 2021), and its environmental and ecological impacts and risks are particularly severe (Meredith et al., 2019; Constable et al., 2022). The impacts in polar regions have become commonly acknowledged as both important drivers and indicators of general climate change, with manifold effects on natural and human systems on both regional and global scales (Meredith et al., 2019; Constable et al., 2022). For instance, the Arctic atmosphere plays a major role in the global climate system, and to understand how the future climate – and its impacts - will possibly look like, understanding current changes is key (Cohen et al., 2020 and references therein; Wang, 2021). Therefore, public interest in polar regions has steadily increased in the past two decades and, hence, research efforts in Arctic and Antarctic regions have also risen (Figure 1). Since 2011, the number of publications for the Arctic and Antarctic has nearly doubled, continuing a trend that is visible since the 1990s (Figure 1).




Figure 1 | The number of publications published after 1990 on Arctic (red crosses) and Antarctic (blue triangles) marine biological and ecological topics. The Web of Science ™ research has been used with the Web of Science Core Collection Database on 23 September 2022. For the Arctic, the following search string was used: “Arctic AND (Bio* OR Eco*) AND (Marine OR Ocean*)” and for the Antarctic: “(Antarctica* OR ‘Southern Ocean’) AND (Bio* OR Eco*) AND (Marine OR Ocean*)”. The green highlight shows the time frame (2011-2021) assessed in this paper. The red dashed line symbolises the year of the last publication reported in Wassmann et al. (2011).



Warming, the most prominent effect of climate change, is particularly pronounced in the Arctic (Benton, 1970; Stocker et al., 2013), with near-surface air temperatures rising 2-3 times more rapidly compared to the global average (Screen and Simmonds, 2010; Cohen et al., 2014). Some investigations even indicate a six times higher increase (Huang et al., 2017). For instance, Svalbard experienced atmospheric warming rates of 3-5°C from 1971 to 2017 (equivalent to 0.81°C per decade), particularly during winter (Hanssen-Bauer et al., 2019). The higher-than-average warming exemplifies the Arctic amplification (Manabe and Stouffer, 1980) that has been widely addressed in climate change research (Serreze et al., 2009; Screen and Simmonds, 2010; Lang et al., 2017). Sea-ice decline, in combination with reduced snow cover on land, leads to an albedo decrease, mainly caused by larger open-water areas, which adsorb more solar radiation and thus cause further warming, which in turn leads to further inhibited sea-ice growth in winter and accelerated melt of sea ice in spring and summer (Perovich et al., 2007; Arrigo et al., 2008). This positive feedback results in a further reduction of ice extent and increase of open-water areas, resulting in additional increased atmospheric heat input. In addition, changes in ocean dynamics have also contributed to the warming of the Arctic (Blunden and Arndt, 2016). Waters inflowing from the North Atlantic and Pacific Oceans have warmed the Barents and Chukchi Seas, respectively (Blunden and Arndt, 2016). The inflow of Atlantic water into the Barents Sea has doubled in the last 30 years (Oziel et al., 2016; Oziel et al., 2020), and the warming of Arctic surface waters is generally more than double than the global average (Blunden and Arndt, 2016; Neukermans et al., 2018).

The sweeping and fast changes in climate-driven environmental conditions resulted in profound and far-reaching ecological impacts, as reported by Wassmann et al. (2011) in a pan-Arctic review of observed footprints of climate change on Arctic marine food webs. A total of 51 footprints reported in the scientific literature published between 1995 and 2010 were assessed (Wassmann et al., 2011 and references therein). Note that these footprint records are solely based on observations, and experimental and modelling evidence published in the literature was not considered in this study. Most pronounced impacts were found for fish and marine mammals, especially polar bears. For phytoplankton, an increase in primary production and biomass was observed in response to decreasing ice cover. For small zooplankton, such as amphipods and copepods, changes in community structure and biomass were reported. Observed impacts on benthic biotas were diverse. From macroalgae to snow crabs and clams, a variety of footprints were reported, mostly regarding declines in abundance, northward distribution shifts of some species (e.g., for the blue mussel Mytilus edulis) and subsequent changes in community composition. Most studies of fish communities did also find a northward shift in species distributions, increasing spawning biomass, and increased recruitment and replacement of cod populations by krill. For Arctic seabirds, warming and change in sea-ice extent resulted in declining colony sizes, increased mortalities, and diet changes. For mammals, only one footprint for whales and two footprints for seals [harp seal (Pagophilus groenlandicus) and ringed seal (Pusa hispida)] were reported, while nine footprints were described for polar bears, such as decreasing population sizes, landward shift of denning sites, as well as increased drowning and cannibalism, and declining cub survival.

Based on their assessment, Wassmann et al. (2011) suggested four foci of future research efforts: 1) time series, 2) adequate seasonal coverage in key regions, 3) new technology and 4) making existing Soviet/Russian literature available. Research into these directions should regionally emphasize the central AO, Fram Strait and Siberian shelves, due to their particular sensitivity to climate impacts. More in-depth studies were also regarded as necessary, to provide a sound baseline needed to detect further impacts of climate change (Wassmann et al., 2011). Moreover, there was a need for new tools, such as molecular methods, to distinguish between different populations and taxa, while the use of more remote-sensing technology was assumed to likely not contribute much additional information due to the extensive cloud and ice cover of Arctic seas (Wassmann et al., 2011). After a decade of accelerating climate warming since 2010, worldwide and particularly in the Arctic, it seems timely and topical to repeat the assessment that Wassmann et al. (2011) made at the end of the first decade of the second millennium



2 Approach, material and methods

To update the work of Wassmann et al. (2011) and assess the progress in knowledge on the impacts of climate change in Arctic marine ecosystems in the past decade, we reviewed all reports on ecological footprints published in the scientific peer-reviewed literature since 2011. We elucidated whether previous trends have been continuing or stopped or whether even new footprints were detected as compared to the findings summarized in Wassmann et al. (2011). Our assessment was based on extensive queries in both Web of Science™ and Google Scholar™, as well as references in the retrieved articles themselves. To ensure comparability, we used a similar definition of a “footprint of climate change” as Wassmann et al. (2011). Again, only observational studies that covered a time span of at least 10 years and reported climate-driven changes/trends have been considered in the repeated assessment. Impacts caused by multiple factors or with more than one potential explanation will be mentioned or discussed. Model results were only taken into account in hindcast mode. Experimental evidence was not regarded as indicating a ‘footprint’ in a strict sense and was, hence, used only as supplementary information (underpinning knowledge gained on physiological footprints). Those papers that report footprints as defined, plus those showing clear trends, are presented in Supplementary Tables 1–8. Please note that a single paper can report multiple footprints. Moreover, we differentiated between primary (direct) footprints, which are based on changing environmental factors, and secondary (indirect) footprints, which are cascading effects of primary ones, i.e., mostly biotic changes, such as new species interactions or increased exposure to pathogens (Table 1). Figures 2–4 were plotted using R package “ggOceanMaps” (Vihtakari, 2022).


Table 1 | Definition of primary and secondary footprints of climate change in Arctic marine ecosystems.






Figure 2 | Map of the geographical distribution of primary footprints on a pan-Arctic scale Part 1 (Primary production, zooplankton, benthos, fish). The colours represent the different parameters, while the shapes represent the type of footprint. Please note that the geographical North Pole was chosen as a representative point for all pan-Arctic studies, therefore overlapping can occur. A summary of all relevant papers sorted by footprint types and parameters in Supplementary Tables 1-6.






Figure 3 | Map of the geographical distribution of primary footprints on a pan-Arctic scale Part 2 (Birds and Mammals). The colours present the different parameters, while the shape represent the type of footprint. Please note that the geographical North Pole was chosen as a representative point for all pan-arctic studies, therefore overlapping can occur. Further, not all footprints are represented in this plot, due to their geographical location. A summary of all relevant papers sorted by footprint types and parameters in Supplementary Tables 1-6.






Figure 4 | Map of the geographical distribution of all recorded secondary footprints on a pan-Arctic scale. The colours present the different animal parameters, while the shape represents the type of footprint. A summary of all relevant papers sorted by footprint types and parameters in Supplementary Tables 7, 8.





3 Observed ecological footprints and their implications


3.1 Primary footprints

Primary footprint (range shifts, production and stock size, community changes, phenological changes, physiological changes, behavioural changes) have been recorded from various Arctic regions for primary production, zooplankton, benthos, fish (Figure 2) and birds and mammals (Figure 3).


3.1.1 Range shifts

Phytoplankton studies suggest ongoing northward range shifts, as reflected in the geographic position of spring blooms, as well as by the occurrence of the coccolithophorid Emiliania huxleyi, a temperate species, in Arctic waters (Oziel et al., 2017; Neukermans et al., 2018; Renaut et al., 2018; Oziel et al., 2020). The northward shift in the Barents and Kara Seas is most likely caused by reduced sea-ice cover, thinner ice and an earlier retreat of sea ice, which is the result of an increased inflow of warm Atlantic waters (Renaut et al., 2018), or stronger and accelerated surface currents, irrespective of higher water temperatures (Oziel et al., 2020).

The Atlantic hyperiid amphipod Themisto compressa showed a northward shift in range and abundance (Kraft et al., 2013). The shrimp species Pandalus borealis was found for the first time on the Northeast Greenland shelf (Andrews et al., 2019). In Kongsfjorden (Svalbard), the boreal krill species Thysanoessa longicaudata and Meganyctiphanes norvegica, as well as the sub-tropical-boreal species Nematoscelis megalops, are now occurring occasionally in Arctic seas, due to increased inflow of Atlantic Water (Buchholz et al., 2010; Huenerlage et al., 2016). Note that the investigation by Buchholz et al. (2010) on euphausiids cannot be defined as a climate-change footprint according to the strict definition given above, since the first report was published before 2011. The very first observation of Thysanoessa raschii spawning in the Arctic was reported in 2011, suggested as evidence for a changing environment concerning temperature and food-web composition (Buchholz et al., 2012). The northward range shift is ongoing, as indicated by the most recent observation of T. raschii in Svalbard waters (Kongsfjorden) in August 2018 (Brandt, pers. obs.). Moreover, there is a well-documented advance of the boreal amphipod species Gammarus oceanicus on the expense of its Arctic twin species G. setosus off Svalbard (Węsławski et al., 2018; Węsławski et al., 2020). The crown jellyfish Periphylla periphylla was reported for the very first time in a high-Arctic fjord (>78° N) in January 2017 (Geoffroy et al., 2018). Abundances of P. periphylla have been increasing in the northern Barents Sea since 2014 when it has been found there for the first time, likely because of the increasing warm Atlantic water inflow, which combined with the low light conditions in winter makes it a more suitable condition for jellyfish (Geoffroy et al., 2018).

The northward extension of the distribution of the benthic blue mussel Mytilus edulis as reported in Wassmann et al. (2011), continues (Leopold et al., 2019). Another yet mostly overseen migratory factor for Mytilus spp. is plastic debris, which combined with the increasing favourable environmental factors in the Arctic enhances the northward expansion of Mytilus spp. (Kotwicki et al., 2021). Furthermore, data from Wiktor et al. (2022) suggests changes in the macroalgae composition in the Arctic with ongoing climate change (Wiktor et al., 2022). Three new starfish species were reported off the western coasts of Svalbard the first time: Doplopteraster multipes, Marthasterias glacialis and Asterias rubens, which had previously been reported only further south at the Norwegian coast (Deja et al., 2016).

Fish communities also showed a shift in their northward boundaries, with Arctic species being displaced by a boreal fish species immigrating from the south (Fossheim et al., 2015). The distribution centre of the Arctic fish community moved 159 km northward between 2004 and 2012 and was dominated by the bigeye sculpin (Triglops nybelini), Greenland halibut (Reinhardtius hippoglossoides), and snailfishes (Liparis spp.) (Fossheim et al., 2015). Furthermore, Arctic fish species were found north and east of their common distribution areas. This northward shift is reported on a community level. Because of the northward distribution the Arctic fish community can be found in deeper waters (Fossheim et al., 2015). Some areas have switched from an Arctic fish-dominated to boreal fish-dominated community (Fossheim et al., 2015). Furthermore, it was shown that the in situ range shifts are much faster than models predicted (Fossheim et al., 2015). In the Beaufort Sea, the northward extension of the known distribution ranges of walleye pollock (Theragra chalogramma), Pacific cod (Gadus macrocephalus), festive snailfish (Liparis marmoratus), eyeshade sculpin (Nautichthys pribiloviu) and Bering flounder (Hippoglossoides robustus) was documented (Rand and Logerwell, 2011). Atlantic mackerels (Scomber scomber) were observed at the west coast of Svalbard during a short period of time in late summer 2015 (Berge et al., 2015b), two years after it had first been reported in 2013 by a local newspaper (Aaserud, 2013). Since the 2000s, adult Atlantic cod (Gadus morhua) has been caught regularly in bottom trawls around Svalbard, and in 2008 also juveniles for the first time (Berge et al., 2015b). The spawning grounds and migrations of the most northern populations of Atlantic cod and haddock (Melanogrammus aeglefinus) have generally shifted northward (Drinkwater, 2009). The first reports of Atlantic cod, beaked redfish (Sebastes mentella) and capelin (Mallotus villosus) off Northeast Greenland are from 2015 (Andrews et al., 2019). Pacific sand lances (Ammodytes hexapterus) have regularly been caught, in increasing numbers, in the Beaufort Sea since 2010 (Falardeau et al., 2014; Suzuki et al., 2015). Their successful reproduction in the region is assumed (Suzuki et al., 2015), and further evidence for an ongoing eastward range shift since 2017 is reported (Falardeau et al., 2017). Bluefin tuna (Thunnus thynnus) have been reported off the eastern coast of Greenland (65°N) in Denmark Strait for the first time in 342 years, likely indicating the influence of increasing water temperatures (MacKenzie et al., 2014).

The ranges of seabirds did also shift, in response to the northward relocation of their zooplankton prey caused by sea-ice retreat (Hunt et al., 2018). Three boreal seabird species - short-tailed albatross (Phoebastria albatrus), northern gannet (Morus bassanus) and rhinoceros auklet (Cerorhinca monocerata) - were reported for the first time in the high-Arctic eastern Chukchi and Beaufort Seas (Day et al., 2013). Furthermore, ancient murrelets (Synthliboramphus antiquus) had expanded their range towards the eastern Chukchi Seas before 2006 and have now reached the Beaufort Sea (Day et al., 2013). A similar range shift was found for black-legged kittiwakes (Rissa tridsctyla), common murres (Uria aalge) and thick-billed murres (U. lomvia) over 12 years, in addition to oscillating relocations of feeding grounds between cold and warm years: during the former, seabirds used preferentially oceanic prey, while during the latter, they mostly fed on shelf organisms (Will and Kitaysky, 2018).

Whales also shifted their distribution ranges. For instance, due to reduced sea ice extent, two bowhead whale populations (Balaena mysticetus) had gotten into contact via the Northwest Passage, which is the very first report of its kind (Heide-Jørgensen et al., 2012). First evidence for a northward range expansion of the Atlantic blue whale population (Balaenoptera musculus) to the waters off Svalbard was reported, accompanied by similar shifts for minke whales (Balaenoptera acutorostrata), fin whales (Balaenoptera physalus), and humpback whales (Megaptera novaeangliae) (Storrie et al., 2018). Off Iceland, climate change also led to changes in the cetacean community, one of which is the northward range shift of blue whales (Víkingsson et al., 2015). In addition, there is increasing evidence for the occurrence of killer whales (Orcinus orca) in the high Arctic (Higdon and Ferguson, 2009; Higdon et al., 2012), despite the risk of being trapped by sea ice and dying during winter, as reported from the southern Hudson Bay (Matthews et al., 2019).

A polar bear subpopulation in Baffin Bay has become increasingly isolated, due to several reasons including a general northward range shift of the entire population, a reduction in overall population range extent, and less migration between the subpopulations in Hudson Bay, Kane Basin and Davis Strait (Scientific Working Group to the Canada-Greenland Joint Commission on Polar Bear, 2016; Laidre et al., 2018b).



3.1.2 Changes in production and stock size

The general finding of an increase in annual primary production in Arctic seas in response to spatially and temporally increasing open-water areas and a longer growing season (Arrigo et al., 2008) has been corroborated in further studies (e.g., Arrigo and van Dijken, 2011; Bélanger et al., 2013; Hill et al., 2018; Dalpadado et al., 2020). However, the increase differs among regions, being most pronounced in the Barents and Kara Seas (Renaut et al., 2018). The general trend apparently continues unabated with a rate of 30% per decade, based on large-scale remote-sensing studies of surface-water Chl a dynamics (Arrigo and van Dijken, 2015). This general trend is dampened by 3.5% per decade, despite a significant decrease in photosynthetic active radiation over the sea surface (-8% per decade) due to increasing cloudiness in summer (Bélanger et al., 2013). The general increase in marine Arctic primary production has been attributed to a number of reasons, including ocean warming and more open-water areas, leading to more mixing and a higher nutrient supply to the euphotic zone (Hill et al., 2018; Randelhoff and Sundfjord, 2018).

In addition to increasing primary production, two further phenomena have been reported. First, a huge under-ice phytoplankton bloom was first observed in 2011 as a result of reduced sea-ice thickness (Arrigo et al., 2012). This bloom, observed over 100 km under the sea surface, was estimated to be 4-times higher than the open-water bloom (Arrigo et al., 2012). Previous studies had already reported some rather anecdotal evidence of such under-ice phytoplankton blooms but did not investigate this phenomenon in detail (Strass and Nöthig, 1996; Fortier et al., 2002; Mundy et al., 2009). Other small-scale studies related under-ice phytoplankton blooms to melt-water ponds (Arrigo et al., 2014; Horvat et al., 2017). The second phenomenon discovered in ice-covered Arctic seas for the first time was a red tide caused by the phototrophic ciliate Mesodinium rubrum, which is correlated to the thinning of sea ice (Olsen et al., 2019).

Zooplankton production and biomass have increased in the Chukchi Sea, which has been correlated to the Arctic Oscillation and Pacific Decadal Oscillation resulting in an increased advection of species-rich Pacific waters through Bering Strait (Ershova et al., 2015). Also, the abundance of the copepod species Calanus glacialis has risen in the White Sea, most likely due to increased water temperatures and changes in salinity (Persson et al., 2012). Climate-driven biomass variations of the two copepod species C. glacialis and C. hyperboreus are closely correlated (Carstensen et al., 2012). Despite warming, no increase in the biomass of C. finmarchicus in the Barents Sea was observed, while there was a significant decline of the Arctic key amphipod species Themisto libellula due to decreased Arctic water masses in this region (Dalpadado et al., 2012). Euphausiid abundances and biomass increased, possibly due to increased inflow of relatively warm Atlantic waters (Eriksen and Dalpadado, 2011; Johannesen et al., 2012; Eriksen et al., 2016). Furthermore, the abundances of under-ice- amphipods, such as Gammarus wilkitzkii and Onisimus spp., declined, in response to the reduction of multi-year sea ice (Hop et al., 2021).

Benthic biotas did also show changes in stock size. For instance, in the southern Chukchi Sea echinoderm biomass decreased from 2004 to 2012, mainly due to the declines of the brittle star Ophiura sarsi and the sea cucumber Myriotrochus rinkii, while the biomass of benthic arthropods and molluscs peaked in 2009, mainly due to the higher abundances of snow crabs (Chionoecetes opilio) and moon snails (Cryptonatica affinis) (Grebmeier et al., 2015). These changes were most likely caused by multiple drivers, such as sea-ice retreat, altered ocean dynamics and a changing phenology of seasonal production events (Grebmeier et al., 2015). While in the Bering Strait region benthic macrofaunal biomass decreased, there was an increase at time-series stations (1998-2015) dominated by bivalves in the southeastern Chukchi Sea, caused by changes in ocean currents, which affected sediment grain-size composition and benthic food supply (Grebmeier et al., 2018).

Arctic fish abundances and biomass were also impacted by climate change. For instance, in the Barents Sea reduced abundances were reported for Greenland halibut, sculpins (Icelus spp.), and snailfishes (Liparis spp.) (Fossheim et al., 2015). In contrast, increasing numbers of Pacific sand lances were found in the Beaufort Sea, in response to warming and ice loss (Falardeau et al., 2017). The findings of Falardeau et al. (2017) are supported by the niche-based models run under climate change scenarios (Wisz et al., 2015). At two stations off eastern Greenland, a loss of deep-water fish abundance, related to warming, changed species interactions and habitats, has been reported (Emblemsvåg et al., 2020). More specifically, the Greenland halibut, different wolffish species (Anarhichas minor, A. lupus and A. denticulatus) as well as the Kaup´s arrowtooth eel (Synaphobranchus kaupii) decreased at the northern station, while Greenland halibut, Günther´s grenadier (Coryphae noides guentheri), blue antimoral (Antimora rostrata), Murray´s longsnout grenadier (Trachyrhynchus murrayi), roundnouse grenadier (Coryphaenoides rupestris) and Agassiz´s slickhead (Alepochephalus agassizii) decreased at the southern station (Emblemsvåg et al., 2020).

Seabird populations are still in a steady state in Hornsund, although increased glacier melt has been reported over the last 15 years (Stempniewicz et al., 2017). Glacier fronts are generally known as attractive foraging grounds of seabirds for a number of reasons (Apollonio, 1973; Węsławski and Legezytńska, 1998; Lydersen et al., 2014), and glacier melt due to warming will most likely cause a shrinking of this important feeding places (Kohler et al., 2007), in particular if the glacier withdraws from the fjord. Due to climate change, the phenology of flora and fauna is changing (Brown and Arrigo, 2013; Cherry et al., 2013; Kahru et al., 2016; Hauser et al., 2017). Phenological changes in lower trophic levels have effects on higher trophic levels. The prolonged growth season and the subsequent increase of primary and secondary production have had positive effects on 9 of 15 seabird species investigated near the sub-Arctic Alaska Gyre, while only one species declined in abundance (Thompson et al., 2012).

Harp seal populations declined in the White Sea and the Northwest Atlantic, due to climate-driven sea-ice decline leading to a reduction of reproduction rates and increased pup mortalities (Johnston et al., 2012; Stenson et al., 2016). The Hudson Bay ringed seal population also showed a decline due to multiple factors, such as sea-ice loss (Ferguson et al., 2017).

Evidence of the development of polar bear (Ursus maritimus) populations varied regionally. In Greenland, polar bear abundances rose (Peacock et al., 2013), due to a significant correlation between seal abundances and polar bear survival rates (Peacock et al., 2013). In contrast, declining polar bear populations have been reported from the Hudson Bay and Beaufort Sea, due to changing sea-ice conditions (Bromaghin et al., 2015; Lunn et al., 2016). The above-mentioned finding of Lunn et al. (2016) might be substantially influenced by the hunt of polar bears by humans, as the authors discussed.



3.1.3 Changes in community composition

For phytoplankton, data about community composition is limited. Nevertheless, an increasing trend for Phaeocystis pouchetii has been reported. This led to a shift from diatom-dominated communities towards communities dominated by P. pouchetii and other pico- and nanoplankton in Fram Strait (Nöthig et al., 2015). This increasing trend was once more confirmed in bio-optical investigations in the Barents Sea between 2002 to 2018 (Orkney et al., 2020).

Over the last three decades the diversity for sea-ice protists declined in the AO due to reduced multi-year sea-ice extent and concentration (Hop et al., 2020).

There have been multiple reports of changes in Arctic zooplankton community composition since 2011. In general, there is ample evidence that the Arctic zooplankton is changing from the dominance of the Arctic species C. glacialis towards that of the boreal C. finmarchicus (Weydmann et al., 2014; Gluchowska et al., 2017). A reduction in the relative abundances of Pseudocalanus spp. in northeast Greenland waters have also been reported (Middelbo et al., 2019).

Littoral seabed communities in Kongsfjorden and Smeerenburgfjorden (Svalbard) changed in composition to a brown algae-dominated biota, in response to increasing water temperatures, reduced control mechanisms and reduced competition among algal species (Węsławski et al., 2010; Kortsch et al., 2012). In the Bering Sea south of St. Lawrence Island, the zoobenthos has become dominated by maldanid polychaetes instead of bivalves since 2009, driven by changes in bottom-water temperatures and the silt and clay content of the sediments (Grebmeier and Cooper, 2016; Grebmeier et al., 2018). The echinoderm assemblages along the western coast of Svalbard are becoming more homogenous, most likely due to the dominance of subpolar species (Deja et al., 2016).

Emblemsvåg et al. (2020) described species-specific deep-water fish stock size changes off East Greenland (see above), leading to a “borealisation” of the fish community composition.

In the eastern Chukchi Sea, populations of piscivorous and planktivorous surface-feeding seabirds, e.g., black-legged kittiwakes (Rissa tridactyla) and murres (Uria spp.), declined during three decades from 1975-1981 to 2008-2012, while populations of diving planktivorous birds, e.g., crested auklets (Aethia cristatella) and short-tailed shearwaters (Puffinus tenuirostris), increased. This is very likely a response to declining sea ice and increasing availability of large zooplankton prey, which in turn were caused by increased primary production and increased advection of phyto- and zooplankton (Gall et al., 2017).



3.1.4 Changes in phenology

Spring phytoplankton blooms have been shown to start earlier in some Arctic regions (about a tenth of the overall spatial extent) (Kahru et al., 2011; Kahru et al., 2016), most pronounced in areas with significantly reduced sea ice, such as Hudson Bay, Foxe Basin, Baffin Sea, Greenland coasts, the waters off Novaya Zemlya, and the Kara Sea (Kahru et al., 2011). In the northern Barents Sea, the onset of the blooms occurred on average three days earlier each year since 1998 (Kahru et al., 2016), resulting in the overall prolongation of the productive season by 47 days (from 15 days in 1998 to 62 days in 2015). However, this trend will only be able to prolong the growth season until the astronomical light limits phytoplankton growth. Interestingly, the ending does not occur later, which was explained by the effects of nutrient limitation after the primary bloom. The changed phenology led to an increase in total primary production (Kahru et al., 2016). In addition, first evidence for a fall bloom in Arctic seas have been found over a 14-year study period, which is also attributed to reduced sea-ice extent (Ardyna et al., 2014) that together with strong wind events can induce secondary blooms through vertical mixing and the provision of regenerated nutrients (Fujiwara et al., 2018). Similar findings are reported by Oziel et al. (2017) and by Waga and Hirawake (2020).

A delayed autumn migration of beluga whales (Delphinapterus leucas) to the eastern Chukchi and Beaufort Seas by two to four weeks has been recorded, significantly correlated to the later sea-ice freeze-up (Hauser et al., 2017).



3.1.5 Changes in physiology and body condition

There is evidence that the growth season of C. glacialis has become longer and its critical developmental times shorter, attributed to warming and increased radiation (Feng et al., 2018). A faster development and earlier spawning have also been found for C. finmarchicus (Weydmann et al., 2018). Similar findings were reported for the jellyfish Aglantha digitale in the West Spitsbergen current (Mańko et al., 2022).

Polar cod (Boreogadus saida) and saffron cod (Eleginus gracilis) have become smaller in the northern Bering and Chukchi Sea. Increasing temperature and reduced sea ice extent have been discussed as potential reasons, but none of these factors could actually explain the reduction of body size (Helser et al., 2017).

Little auks (Alle alle) off East Greenland have likely benefited from reducing sea-ice extent (Amélineau et al., 2019), as there is evidence that in years with a low sea-ice concentrations their fitness was higher, while in years with much sea ice the adult body size and chick growth rate was reduced (Fort et al., 2009; Amélineau et al., 2019). A similar trend has been observed for red-legged kittiwakes (Rissa brevirostris), with lower nutritional stress in years with reduced sea-ice extent (Will et al., 2018).

The reproductive success as well as body condition of polar bears are clearly negatively impacted by sea-ice decline (Derocher et al., 2011; Obbard et al., 2016). The total population storage energy for polar bears in western Hudson Bay decreased by 56% and a decline of 53% in the total population energy density over a time period of about three decades has been reported (Johnson et al., 2020). Those declines are related to earlier ice break-up and longer open-water periods. Ringed seals showed a significant decline in body condition due to an earlier sea-ice breakup in spring, resulting in changed prey availability and increased competition between ringed seals and more temperate species (Harwood et al., 2012). Increased predation pressure by newly arrived predators, as well as warmer temperatures, have also been discussed as potential drivers of this development, which also led to lower pregnancy rates and a lower pup harvests by Inuits (Chambellant et al., 2012; Ferguson et al., 2017). Similarly, the body condition of harp seals in the Barents Sea also declined, likely as a result of climate-driven changes in food availability (Øigård et al., 2013).

In contrast to the negative climate-change effects discussed above, a two-decade study by George et al. (2015) showed a positive response of bowhead whales, including a positive trend in body condition in response to reduced sea-ice extent, prolonged open-water season, higher primary production in the Pacific Arctic and higher upwelling potentials due to more wind stress. The study of Mazurkiewicz et al. (2020) do also not support negative climate effects. Their findings indicate that body size of polychaetes and generally soft infauna is an inherited factor rather than being affected by ongoing warming, suggesting a certain degree of resilience of the benthic community.



3.1.6 Behavioural changes of upper trophic-level organisms

Several studies have shown that polar bears stay closer to land in response to changing environmental factors, primarily related to sea-ice retreat (Laidre et al., 2015; Laidre et al., 2018a; Laidre et al., 2018b). Increasing land use has also been reported (Cherry et al., 2013; Rode et al., 2015; Atwood et al., 2016). A statistically significant change in the phenology, elevation, slope and aspect of polar bear dens in the Baffin Bay region has been reported to be most likely the result of changed snow conditions and sea-ice dynamics (Escajeda et al., 2018). In Svalbard, polar bears spent less time at tide glacier fronts in summer and autumn than before the strong sea-ice decline in 2006 (Hamilton et al., 2017). Polar bears move longer distances and stay longer near ground-nesting bird areas (Hamilton et al., 2017). In search for alternative prey, polar bears have been reported of feeding on whale carcasses and foraging eggs of ground-nesting birds, which is expected to have a negative impact on the breeding success of bird populations, particularly of barnacle geese (Branta leucopsis), common eiders (Somateria mollissima) and glaucous gulls (Larus hyperboreus) (Prop et al., 2015). The finding that lipid and protein contents in the blood of land-using bears are higher than in sea-ice-faring individuals suggest that feeding on bird eggs can be beneficial for polar bear body conditions (Whiteman et al., 2018). In addition, adaptations in hunting behaviour have been reported for polar bears (Stempniewicz et al., 2014; Stempniewicz et al., 2021). While polar bears have typically hunted seals by stalking their breathing holes or stalking them over longer distances, with sea-ice retreat they apparently “adapt” new hunting techniques (e.g., ambushing resting and sleeping reindeer (Rangifer tarandus) as well as longer chases on land and in water) and new food sources (e.g., adult black guillemonts (Cepphus grylle) and Arctic tern chicks (Sterna paradisea)) (Stempniewicz et al., 2014). Polar bears were observed to successfully hunt fully grown, adult Spitsbergen Reindeer (R. tarandus platyrhynchus) (Stempniewicz et al., 2021). Moreover, polar bears face higher energy demands by up to 4% per year because of increased activities or faster migrations in response to changed sea-ice drift patterns (Durner et al., 2017).

Foraging behavioural changes were also reported for the little auk, more specifically their modified diving behaviour in response to increased ocean temperatures and reduced sea ice (Amélineau et al., 2019).

Sub-adult ringed seals have been shown to swim greater distances, are less area-restricted in their search for food, spend less time on the sea ice, and dive longer with shorter surface intervals in response to changing sea-ice dynamics (Hamilton et al., 2015). Moreover, driven by the increasing Atlantic water influx, ringed seals at Svalbard spent significantly more time at tide glacier fronts (Hamilton et al., 2019).

Similarly, beluga whales stayed shorter near glacier fronts in Svalbard waters but more time in the open fjord waters, indicating a behavioural adaptation to climate-driven environmental changes (Vacquié-Garcia et al., 2018). The authors further suggested that their results indicate a resilience of the beluga whales to changes caused by global climate change, at least in the short run (Vacquié-Garcia et al., 2018). These findings are once more supported by a more recent publication of Hamilton et al. (2019), who found that beluga whales in Svalbard waters spend significantly less time at tide water glacier fronts since 1995 as response to declining sea ice extent and increased Atlantic water influx in the Arctic. Bowhead whales in the western Arctic spend more time in open waters further away from the coasts, which are likely characterized by better prey availability due to reduced sea-ice extent (Druckenmiller et al., 2018).




3.2 Secondary footprints

For the secondary footprints diet changes, changes in competition structure and changes in pathogene load reports can be found for numbers of regions of the Arctic (Figure 4), here for fish, benthos birds and mammals,


3.2.1 Diet changes

In relation to changing biotic and abiotic factors, including decreasing sea-ice concentrations, increasing summer sea-surface temperatures and a changed fish composition in Cumberland Sound, Canada, the diets of Greenland halibuts shifted over the past 22 years towards higher shares of forage fish (Yurkowski et al., 2018). This trend to an increased non-endemic fish consumption has also been found in the diet of black-legged kittiwakes. From 1982 to 1987 and 1997 to 2016, the diets of black-legged kittiwakes in Kongsfjorden changed from a dominance of Arctic fish towards higher shares of Atlantic fish, reflecting the “Atlantification” of the fjord fish fauna driven due to the immigration of boreal species (Vihtakari et al., 2018).

Other studies, however, for instance on the thick-billed murres and black-legged kittiwakes on two Pribilof Islands (Alaska), did not show clear trends or changes in diets (Renner et al., 2012).

The trends in the Arctic top-predator diets are more diverse. Polar bears in eastern Greenland fed less on ringed seals and more on hooded seals (Cystophora cristata), likely reflecting the influence of the Northern Atlantic Oscillation rather than changing sea-ice conditions (McKinney et al., 2013). Bearded seals (Erignathus barbatus) and ringed seals living at the west coast of Spitsbergen changed their diets. Matching the changed diving behaviour, the diet of the bearded seal showed increasing pelagic share and a lower benthic share. The diet of the ringed seals shows an increasing share of boreal species (Lowther et al., 2017; Hamilton et al., 2018).

For cetaceans, diet changes are also reported. Increasing shares of non-endemic fish were reported for beluga whales in Cumberland Sound, Canada (Yurkowski et al., 2018). Fatty acid analysis showed that more capelin and less polar cod has been eaten by beluga whales in the Beaufort Sea, reflecting the retreat of sea ice (Watt et al., 2016). Similarly, the diets of narwhals (Monodon monoceros) in the northern Hudson Bay and in Svalbard waters were also characterized by increasing shares of capelin or Atlantic fish (Watt and Ferguson, 2015).



3.2.2 Altered competition structure and pathogen load

Since the Arctic is subjected to particularly rapid and profound climate change, it is a suitable place to study the effect of changing competition dynamics caused by the invasion of non-native species. It is well known that any increase in competition causes stress for affected species (Fossheim et al., 2015), and that closely related species have similar diets (Horstkotte and Strecker, 2005; Olsen et al., 2009). Due to climate change, gadid fish species such as polar cod, Atlantic cod and haddock do co-occur now in Svalbard waters, but their dietary overlap is less than 40%, indicating little food competition between the three species (Renaud et al., 2012). Opposing results were found in the western Canadian Arctic, where dietary overlaps and niche widths indicated a relatively high level of food competition between co-occurring immature capelin and polar cod (McNicholl et al., 2018).

However, not all new non-endemic species in the Arctic seem to interact with endemic species. The boreal G. oceanicus and the endemic G. setosus are currently co-occuring in the waters off western Svalbard (Węsławski et al., 2018; Węsławski et al., 2021), at least on a macrohabitat scale. Current evidence suggest that they do not on a microhabitat scale, though, which makes a direct competition unlikely (Węsławski et al., 2021), but further studies are needed to fully understand this pattern (Węsławski et al., 2021).

Due to significantly increased mosquito parasitism and polar bear predation at Cape Pembroke (Hudson Bay), adult thick-billed murres showed unusual high mortality, resulting bird carcasses are leading to increased scavenging and abandoned egg predation by foxes and gulls, and an increase in overall mortality by 20% per year and a decrease in colony productivity by 20% (Gaston and Elliott, 2013).

Polar bears from the Southern Beaufort Sea showed a potential increase of antibodies for the pathogens Brucella spp. and Toxoplasma gondii, as well as for the first time for the terrestrial microbial pathogens Francisella tularensis, Neospora caninum and Coxiella burnetti (Atwood et al., 2017). Individuals on land showed highest exposure to T. gondii (Atwood et al., 2017). The exposure of an Arctic marine mammal to C. burnetti is the very first report of this type. Therefore, this study represents the first report for a northward expansion of a sub-Arctic pathogen.



3.2.3 Projections and cascading impacts based on primary or secondary footprints

Ecological footprints of climate change are related to each other in manifold ways, for instance by sharing the same or similar drivers (single or multiple) or resulting in (or from) other footprints in a cascading-impact chain. For example, the increase in marine primary production has had – and very likely will have - cascading positive effects on the higher trophic levels of marine food webs, from zooplankton to seabirds and whales (Thompson et al., 2012; George et al., 2015; Waga et al., 2019).

Model results indicate that increased phytoplankton densities can potentially amplify ocean warming in the Arctic through increased heat absorption (Lengaigne et al., 2009; Park et al., 2015). An earlier onset of the bloom does not consequently mean a later ending of the bloom due to nutrient limitation (Kahru et al., 2016). However, increased river discharge can sustain and prolong primary production by increasing nutrient availability (McClelland, 2004; McClelland et al., 2006; Terhaar et al., 2019; Terhaar et al., 2021). Moreover, increased atmosphere-ocean interactions (wind events/strong wind events) have been shown to boost primary production by increased vertical mixing (Nishion et al., 2015; Uchimiya et al., 2016).

Conversely, climate-driven changes in the distribution and composition of Arctic zooplankton communities had some potential negative impacts on little auks (Kwasniewski et al., 2010), including longer foraging trips or increased foraging time, leading to increasing energy demand for feeding activities (Jakubas et al., 2016), which in turn results in less food and higher mortality of chicks that increasingly fed on C. finmarchicus (Kwasniewski et al., 2010). However, there was also evidence for an adaptive flexibility in little auks’ behaviour that may lessen or even reverse the consequences of prey community shifts (Kwasniewski et al., 2012; Amélineau et al., 2019).

Surprisingly limited observational data are available for zooplankton community shifts in response to the changing production regime. Model results suggest an increasing energy content through a more efficient energy transfer from primary production to higher trophic levels (Renaud et al., 2018) because of the observed and projected shift to a C. finmarchicus-dominated zooplankton community (Feng et al., 2018; Weydmann et al., 2018). These model results support of the findings of Thompson et al. (2012) and George et al. (2015), who described increasing body conditions for bowhead whales and seabirds resulting from improved prey availability due to increased production of lower trophic levels, which is in turn in line with the finding of decreased developmental times of Calanus spp. due to ocean warming and a prolonged growth season (Renaud et al., 2018).

The climate-driven shifts in the marine Arctic production regime, such as an earlier phytoplankton bloom and an increasing gap between the ice-algal and phytoplankton blooms have negative impacts on secondary producers (Søreide et al., 2010) and the entire marine food web (Dezutter et al., 2019). The recently observed secondary phytoplankton blooms in early fall in Arctic seas has yet unknown implications for the function of the marine ecosystems (Kahru et al., 2016; Uchimiya et al., 2016; Chen et al., 2017). Based on a similar development observed in the temperate North Atlantic where a changed zooplankton community is now dominated by smaller herbivorous Calanus species (e.g. C. helgolandicus), the smaller copepod has a higher grazing rate, two abundance peaks and utilises the fall phytoplankton bloom better (Martinez et al., 2011). C. finmarchicus in the Arctic may also be able to take advantage of the new fall bloom in Arctic waters, especially since there is evidence that this species can reproduce twice during the growing season (Häfker et al., 2018). C. glacialis may be able to develop under favourable conditions to an overwintering stage from a second spawning stage (Daase et al., 2013).

Polar bears have shown more variability and flexibility in their diet than expected, by switching from seals to birds, eggs, and carcasses (Stempniewicz et al., 2014; Prop et al., 2015; Galicia et al., 2016). Utilizing increasing numbers of walrus and bowhead whale carcasses, due to increased killer whale predation, positively contributes to the physiological condition of polar bears (Fischbach and Monson, 2009; Galicia et al., 2016), as well as the use of further potential prey, such as geese or reindeers (Stempniewicz et al., 2014; Heldbjerg et al., 2019).

Further cascading negative impacts for marine wildlife result from an indirect effect of climate change in the Arctic, the rising levels of human activities in this region, especially in terms of increased ship traffic leading to higher stress and risk levels for Arctic biotas (Reeves et al., 2014; Hauser et al., 2018). These risks include the introduction of new species. By now, a total of 54 introduction events led to the introduction of 34 non-indigenous species to Arctic waters (Chan et al., 2019). For about half of the single-pathway introductions of new species, the vectors were vessels, strongly suggesting that increasing vessel traffic will lead to even more introduced species which in turn will result in increased competition for endemic species (Chan et al., 2019). An additional source of new organisms introduced into the Arctic Ocean is plastic debris (Csapó et al., 2021; Kotwicki et al., 2021). Animals attached to plastic debris have more time to acclimate to the new environment, due to the slow travel speed of plastic debris, and thus are more likely to arrive vital in the Arctic (Csapó et al., 2021).





4 Conclusions


4.1 How did the footprints evolve since 2011?

By 2022, the numbers of published research papers, which address the impacts of climate change in Arctic seas or provide large-scale biodiversity assessments, e.g. (Piepenburg et al. (2011); Goldsmit et al. (2014); Logerwell et al. (2015)), has more than doubled since the publication of Wassmann et al. (2011) (Figure 1). The number of observed footprints increased from 51 reported in Wassmann et al. (2011) to 98 reported here. However, the footprints reported in this paper are more diverse and complex than those described in 2011, as slightly different assessment approaches have been applied. While the footprints in Wassmann et al. (2011) were exclusively driven by abiotic factors, such as ocean warming and changes in the sea-ice regime, we also report biologically driven (“secondary”) footprints, representing cascading effects of the physical “primary” footprints, e.g., the sea-ice loss induced declining seal populations that in turn caused a decline of polar bear populations (Bromaghin et al., 2015). Overall, we conclude, however, that most footprints and trends reported in Wassmann et al. (2011) were largely confirmed, indicating continuing trends in the increase of climate-change impacts and risks.



4.2 How did the perspectives and outlooks develop since 2011?

Wassmann et al. (2011) suggested in their outlook and future perspectives to particularly strengthen the research efforts on four main aspects: 1) new technology, 2) accessibility of old Russian data, 3) long-term monitoring programmes and 4) seasonal research.

In three of these aspects, we detected progress during the last decade. Since 2010, various new research technologies have been successfully applied in Arctic marine research, such as tissue-specific stable isotope analysis (Barton et al., 2019), use of molecular markers for studies on distribution ranges (Hardy et al., 2011), and analysis of environmental DNA (eDNA) samples (Lacoursière-Roussel et al., 2018). In contrast to the prognoses of Wassmann et al. (2011), remote-sensing research is still carried out and likely to continue, despite the predicted increase in cloud cover (Bélanger et al., 2013).

There are some notable long-term monitoring efforts in Arctic seas, such as the Long-Term Ecological Research (LTER) observatory HAUSGARTEN in Fram Strait (Soltwedel et al., 2005), the Distributed Biological Observatory (DBO) program in the western Arctic (Grebmeier et al., 2019) or the annual ecosystem cruises (https://www.hi.no/en/hi/cruises-and-field-work [latest access: 17.04.2021). The Nansen Legacy is probably the newest multidisciplinary, long-term research project, which has been implemented in 2018 (https://arvenetternansen.com/mission/ [17.04.2021]). However, there is still a need for more sustained long-term monitoring. The Russian Arctic remains particularly under-studied in that regard.

Although the ‘polar night’ (the time period of late fall, winter, early spring), as well as the central Arctic Ocean, remains under-studied, there have been efforts since 2011 that specifically targeted these important research challenges, such as the dedicated 3-year ‘polar night’ field study in Kongsfjorden (Berge et al., 2015a) or the one-year drift study across the central Arctic Ocean in 2019/20 (MOSAiC: Multidisciplinary drifting Observatory for the Study of Arctic Climate) (Kintisch, 2019). Additionally, studies on marine species during polar night are available (e.g., Grigor et al. (2015); Lischka and Riebesell (2017)). Most of those papers are one-time observations and do not have a time-series character. Nevertheless, they do provide (or are going to provide) valuable–and partly surprising–new insights about the processes in these scarcely known time periods and regions. For the central Arctic Ocean, a handful of publications is also available (e.g., Fernández-Méndez et al., 2014; David et al., 2016; Schanke et al., 2021). Like the polar night data, these publications have a low temporal resolution and are diverse in their research interest. Our research let to the conclusion that data for the central Arctic Ocean and the polar night are increasingly available. However, due to the low temporal and spatial resolution, adequate coverage is not given yet. Moreover, there are plans to continue with further international and multidisciplinary efforts to gradually close the still existing knowledge gaps in the central Arctic Ocean (van Pelt et al., 2017), preferably in the framework of a coordinated pan-Arctic Synoptic Arctic Survey programme (SAS; Paasche et al., 2019).

Russian research data gathered during Soviet times, the problematic availability of which was discussed in Wassmann et al. (2011), are still difficult to access for international research, despite many efforts to address this issue. However, some data on snow and ice conditions are available from the soviet drifting ice stations (Kahl, 1993; NASA National Snow and Ice Data Center Distributed Active Archive Center, 1993).




5 Outlook

In the last few years, significant progress in polar marine research has been made. However, climate change is accelerating, particularly in the Arctic (Fox-Kemper et al., 2021; Gutiérrez et al., 2021), and its impacts are becoming more profound (Meredith et al., 2019; Ranasinghe et al., 2021) due to feedback loops (Perovich et al., 2007; Arrigo et al., 2008). Therefore, one of the major recommendations of Wassmann et al. (2011) – more collaboration on an international level to fund and coordinate large-scale and multidisciplinary research – has remained valid, as shown for instance by the Third International Conference on Arctic Research Planning (ICARP III) (Werner et al., 2016), and it continues to be, as highlighted for instance in the context of ICARP IV 2022–2026 (Ruck et al., 2022; https://icarp.iasc.info [accessed 3 January 2023]), the 2018–2028 strategic plan of SAON (Sustaining Arctic Observing Networks) to develop a Roadmap for Arctic Observing and Data Systems (ROADS; Starkweather et al., 2021) and the regional ‘Arctic Action Plan’ that has been produced for the United Nations Decade for Ocean Science for Sustainable Development (2021–2030) (‘Ocean Decade’) (https://www.oceandecade.dk/decade-actions/arctic-process; accessed 3 January 2023).

The assessment of the impacts of climate change on Arctic marine food webs shows that these have reached new levels. The research published since 2011 provided growing evidence that not only environmental “primary” climate drivers but also cascading (biologically driven and direct anthropogenic) “secondary” impacts lead to important ecological footprints. Therefore, not only continuing and further long-term, year-round monitoring programs and observational field studies, using traditional and molecular methods, are still necessary but also experimental studies that enable us to understand how physiological constraints and resource competition will affect Arctic endemic species.

Microbial food webs have long been identified as particularly under-studied components of Arctic marine ecosystems, including their interaction with higher trophic levels and how climate change affects them (Vincent, 2010; this paper). This assessment is still valid, as only relatively small numbers of research papers on Arctic marine microbial food webs have been published since then (e.g. Iversen and Seuthe, 2011; Seuthe et al., 2011). This remaining knowledge gap does also mean that there is no valid baseline that potential ecological footprints can be gauged against. This lack is particularly concerning, since potential impacts are likely to be significant, given the importance of microbes for biodiversity, biomass, nutrient cycling and energy flow of any ecosystem (Vincent, 2010). Experimental evidence for the microbial activity from Isfjorden (Svalbard) suggests that phytoplankton production will decrease and bacterial production increase with ocean acidification, leading to a changed carbon flux pattern and a decreased net production of the Arctic fjord community (Vaqué et al., 2019). Furthermore, results from Kongsfjorden (Svalbard) suggest that ciliates and dinoflagellates heavily influence the phytoplankton community (Seuthe et al., 2011).

Since acidification rates are particularly high at the low ambient temperatures in polar waters, they potentially have significant implications for Arctic marine food webs (AMAP, 2018). Accordingly, there are a number of reports about how acidification will impact Arctic marine biotas in the future (Fabry et al., 2009; Bates et al., 2012; Lischka and Riebesell, 2012; Bates et al., 2013; Lewis et al., 2013) but no studies have reported footprints caused by ocean acidification yet.

Ocean freshening is a further physical effect of climate change, due to increased Arctic precipitation and river discharge (Vihma et al., 2016; Box et al., 2019) and glacial meltwater input, from both terrestrial glaciers and the Greenland Ice Sheet (Fox-Kemper et al., 2021), with potentially far-reaching and profound ecological ramifications for Arctic marine food webs. However, there are not yet observed ecological footprints documented in the scientific literature.

Secondary climate-change footprints, such as increased pathogen loads, rising competition levels, and altered diets, can have severe further cascading effects, e.g., on animal fitness, as for instance the diet directly affects body conditions and reproductive success of a species (Harding et al., 2011; Divoky et al., 2015; Will and Kitaysky, 2018). Therefore, these changes will likely have negative but hard-to-predict impacts, particularly on endemic Arctic species (Divoky et al., 2015; Nakano et al., 2016).

Irrespective of the mostly negative impacts of climate change, there is also some evidence of resilience through adaptation in several species, such as little auk (Kwasniewski et al., 2010; Grémillet et al., 2012) and polar cod (Drost et al., 2016), which have shown propensity for plasticity and acclimatisation to climate change. Polar bears increasingly display new hunting behaviours (Stempniewicz et al., 2014) and spend more time on land instead on sea ice (Cherry et al., 2013; Laidre et al., 2015; Laidre et al., 2018b), which have been suggested as adaptations towards altering environmental conditions that can compensate for negative climate-change impacts.

Here, we show that the impacts of climate change on Arctic marine food webs have continued and become more profound since the assessment of Wassmann et al. (2011). Based on the trends that are evident for several impacts, ecosystems are heading towards tipping points and irreversible regime shifts. Our assessment also shows that footprints of climate change are not static, but evolve and change in their extent, scale, amplitude and complexity, particularly with regard to the “secondary” impacts deriving from cascading feedback loops. Therefore, we propose further repeated assessments of climate-change impacts on Arctic marine food webs about every ten years, using a comparable approach as Wassmann et al. (2011) and us a decade later. Finally, assessments like those by Wassmann et al. (2011) and us do provide further evidence for the need of coordinated synoptic research, as for instance Paasche et al. (2019) proposed with a synoptic SAS framework, to document and analyse the development in Arctic waters, including possible surpassings of tipping points in response to the predicted accelerating climate change for the decades to come (Fox-Kemper et al., 2021; Gutiérrez et al., 2021).
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