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1. Background and motivation  

Within Antarctica InSync, Theme 4 provides the biological foundation for synchronised circumpolar 

observations by linking biodiversity across terrestrial, coastal, pelagic and deep-sea systems with 

concurrent physical, cryospheric and biogeochemical measurements. This integration enables 

biodiversity patterns and processes to be compared across regions and time within the broader InSync 

observational framework. 

 

Antarctic biota differs markedly from other regions due to its evolution in isolation over the past 100 

Mio years1. Antarctic ecosystems are highly endemic, and differ in their connectivity depending on 

Executive Summary   

Antarctica and its surrounding ocean host unique, endemic and cold adapted ecosystems. The 

Southern Ocean is furthermore, highly productive and provides globally important ecosystem 

services, from carbon sequestration to substantial genetic resources. The Antarctic region is a 

natural reserve for iconic marine mammals, penguins and flying seabirds, as well as krill and wider 

zooplankton communities that underpin pelagic food webs and biogeochemical cycling. Recent 

environmental changes such as rapid warming, ice loss, permafrost thawing, ocean acidification 

and arrival of pathogens and pollutants pose risks and uncertainties to Antarctic life as we know it. 

Furthermore, Antarctica and the Southern Ocean still host the least studied regions, and the largest 

gaps in biodiversity knowledge. This theme thus aims to strengthen the scientific basis for 

understanding and protecting Antarctic life across environmental boundaries, from terrestrial and 

intertidal habitats and ice shelves, surface waters down to the seafloor, and from microbes to top 

predators. It will integrate novel approaches for rapid biodiversity discovery and functional analyses 

of the networks of life in the Antarctic region. By integrating observations of terrestrial, sea-ice, 

pelagic and benthic biota and habitats, standardising protocols, and building cross-national 

collaborations, Antarctica InSync will enable a more holistic circum-Antarctic view of ecosystem 

dynamics and resilience in a rapidly changing environment. However, delivering representative 

circumpolar observations will depend on coordinated governance and operations across national 

programmes, including logistics, permitting pathways, standardised QA/QC procedures and 

harmonised data stewardship.    

 

This will contribute directly to the objectives of SCAR, SOOS, the Conservation of Antarctic 

Marine Living Resources (CCAMLR) and the IWC, as well as international initiatives such as the 

UN Ocean Decade, the 30 by 30 target, and the 5th International Polar Year, by improving the 

representation of biological ecosystems in circumpolar assessments and models and providing 

essential data to support future conservation and management frameworks. 

 

https://www.soos.aq/
https://www.ccamlr.org/
https://iwc.int/
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whether they are terrestrial or marine. On land, ecosystems are fragmented and restricted to ice-free 

areas that function as ecological islands, where permafrost and active-layer dynamics strongly influence 

hydrology, geomorphology and habitat development. In contrast, marine ecosystems are highly 

connected, productive and seasonal, structured by sea-ice dynamics, ocean currents and complex 

pelagic-benthic coupling. Together, these features create ecosystems that are both globally significant 

and particularly sensitive to environmental change. 

Over the past two centuries, excessive hunting, whaling and fishing led to the Antarctic Treaty System, 

regulating the sustainable use of Antarctic biological resources. Today, external drivers such as climate 

change, ocean acidification, invasive species, and other anthropogenic pressures are increasingly 

impacting the rich and highly endemic flora and fauna of Antarctica and the Southern Ocean, as well 

as the diversity of associated microbial communities that underpin organismal performance, ecosystem 

stability and the quality of the services that they provide. External pressures may alter ecological 

interactions and threaten the stability of unique ecosystems essential to global biogeochemical cycles 

and biodiversity. Increasingly, these pressures act simultaneously rather than in isolation, and their non-

linear interaction may generate biological responses that are not detectable in single-driver studies. 

Understanding these processes requires robust, evidence-based scientific findings that can be 

effectively communicated to decision-makers, including the CCAMLR, the Antarctic Treaty System 

(ATS) and international frameworks such as the Intergovernmental Panel on Climate Change (IPCC), 

the Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES)/Convention on 

Biological Diversity (CBD), alongside the new High Seas Treaty (BBNJ). Highlighting extreme 

dynamics in key biological functions, recent scientific evidence calls for much more holistic 

assessments of Antarctica’s ecosystems. Examples of such dynamic changes include the fast greening 

of Antarctica’s peninsula2; the temporal and spatial shifts in algal blooms3; the emergence and rapid 

dispersal of Avian influenza4; but also the substantial whale recovery and its feedback with a growing 

krill fishery5. Recent findings also demonstrate the many interlinkages between Antarctica’s most 

remote habitats, e.g., how hydrothermal vents fertilise the ocean with iron6. 

Theme 4 of Antarctica InSync reflects the drive to understand, assess and conserve Antarctica’s unique 

ecosystems and their roles within the Earth system. One challenge is determining how biodiversity is 

structured across spatial and temporal scales and biological levels, from the sub-Antarctic to the high 

Antarctic, from ice sheets to the deep sea, and from microbes to top predators. Identifying patterns of 

population and community structure is essential for assessing ecosystem resilience and vulnerability to 

climate-driven change and other pressures, and the capacity of Antarctic life to sustain critical 

ecosystem services.  

Antarctic biologists have delivered step changes in ecosystem knowledge through large-scale 

collaborations, including the Census of Antarctic Marine Life (CAML, 2005), the Antarctic 

Conservation Biogeographic Regions 7, the SCAR Biogeographic Atlas of the Southern Ocean 8, the 

Retrospective Analysis of Antarctic Tracking Data (RAATD SCAR, 9), SOCCOM’s integration of 

biogeochemical ARGO floats, and the Marine Ecosystem Assessment for the Southern Ocean (MEASO 
10) among many others, all providing data and perspectives that underpin current understanding of 

Antarctic biodiversity and ecosystem functioning. Alongside the SCAR Horizon Scan (2014) and the 

Southern Ocean Action Plan (2022), these efforts have revealed major knowledge gaps and priorities, 

highlighting the need for coordinated research across habitats, biota and disciplines. Building on this 

foundation, Theme 4 seeks to improve knowledge and protection of Antarctic biota through 

observation, shared and standardised methodologies, and the co-development of essential biodiversity 

and ecosystem variables, ensuring that the diversity and dynamics of Antarctic life have a circumpolar 

representation to assess change and inform conservation and environmental policy. 

Theme 4 links explicitly to all other themes of Antarctica InSync: Theme 1 through biogeochemical 

and element cycles and in particular the biological carbon pump; Theme 2 through the influence of sea-

https://www.ats.aq/index_e.html
https://www.ipcc.ch/
https://www.ipbes.net/
https://www.cbd.int/
https://www.un.org/bbnjagreement/en
https://argo.ucsd.edu/


4 

 

ice dynamics on marine ecosystems from ice algae, phytoplankton and bacterioplankton to higher 

predators; Theme 3 through the influence of ice-sheets on terrestrial and marine habitats; Theme 5 

through the impacts of anthropogenic stressors on species, habitats and ecosystem services; Theme 6 

through emissions of reactive atmospheric compounds and cloud condensation nuclei from ice algal 

and phytoplankton communities; and Theme 7 through combined evolutionary and ecological 

responses to climate change impacts and reduced uncertainties in climate reconstructions. Theme 4 will 

contribute to cross-cutting tasks such as data integration, modelling and technological innovation in 

biological observations and sampling.   

2. Knowledge gaps and research needs 

Antarctica InSync provides a unique opportunity to design and execute a coordinated international, 

multidisciplinary assessment of Antarctic ecosystems through synchronous environmental 

observations, biological sampling, and integrated data processing and analyses across the vast and 

heterogeneous regions of Antarctica and the Southern Ocean. By connecting national efforts and 

disciplines under a co-designed framework, this initiative can expand the spatial and temporal coverage 

of biological observations and monitoring, improve standardisation of sampling and data analyses, and 

strengthen our ability to detect ecological and evolutionary responses to complex environmental and 

anthropogenic drivers.   

 

Key questions include: 

• How do past, ongoing and future changes affect Antarctic ecosystems?  

• How resilient are functional groups, habitats, and species to climate change and increasing human 

pressures?  

• What are the feedbacks caused by environmental shifts in terms of nutrient fluxes, carbon 

sequestration and energy flow? 

• What are the potential consequences of ecosystem shifts for the provision of ecosystem functions 

and ecosystem services? 

 

Theme 4 builds upon a foundational framework designed to advance our understanding of Antarctic 

biodiversity and ecosystem functioning. This includes (Fig. 1):  

  

(1) Circumpolar biodiversity assessments: revealed that Biodiversity is still underestimated, with 

many species being complexes of several discrete genetic groups, each likely to be an undescribed 

species. Building on CAML legacy, and including genetic and omics tools, the continuing assessment 

will: identify and validate distributions of species/taxa/organisms and the habitats in which they occur; 

jointly assess population sizes, connectivity, philodiversity and genetic diversity; infer conservation 

status, and provide recommendations (Fig. 1, Block 1). The CAML database and the GEBCO Seabed 

2030 assessment provide important resources for identifying priorities for spatial analyses.  

  

(2) Ecosystem functioning: linking biological dynamics with environmental and habitat conditions 

to decipher trophic and functional relationships and traits; metabolic interactions; energy fluxes; 

primary productivity and predator-prey dynamics; and examining how these processes and interactions 

may respond to environmental changes using both in situ and laboratory-based approaches (Fig. 1, 

Block 2). New technologies allow for unprecedented integration in observation, combining remote 

tracking and sensing with autonomous floats, gliders, moored platforms, and ship-based transects to 

measure environmental variables.  

https://seabed2030.org/
https://seabed2030.org/
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(3) Nature's contributions to people: assessing how biodiversity and ecosystems of Antarctica and 

the Southern Ocean support ecosystem services and contribute to societal value through conservation 

and sustainable use (e.g., provision of biomass, fisheries management, genetic materials, nutrient 

cycling, blue carbon; providing societal and cultural values such as scientific knowledge, option value, 

recreation and tourism) (Fig. 1, Block 3). This work calls for transdisciplinary analyses with the policy 

and industry stakeholders. To achieve progress in all these tasks, it is essential to link biological, 

physical, chemical, and geological properties of specific habitats, providing a truly interdisciplinary 

foundation for integrated ecosystem understanding. 

This cascade will provide vital information to conservation organizations like CCAMLR and the ATS, 

supporting informed decision-making and conservation efforts. In order to address these challenges, 

circumpolar biodiversity data are essential for conservation efforts, particularly in the design and 

monitoring of representative systems of Marine Protected Areas (MPAs) and Antarctic Specially 

Protected Areas (ASPAs). They also support global conservation frameworks like IPBES and IUCN. 

Figure 1: Theme 4 and its three pillars to be assessed, the cross-cutting importance of linkages with physical and 

chemical environmental conditions showing the potential of conservation approaches to draw on all aspects of the 

work.   
 
 2.1 Circumpolar Biodiversity Assessments  

Recent advances in technology and methodology, such as machine learning, omics tools, and remotely 

operated vehicles, combined with expert taxonomy assessment, enable a faster and finer-scale 

identification of biodiversity patterns, networks and community structures. Despite these advances, 

spatial coverage and biodiversity knowledge remain uneven across the Southern Ocean and Antarctica, 

with clear biases toward accessible coastal regions. InSync will apply these tools at the circumpolar 

scale. 

Scalable eDNA sampling across habitats will provide key baseline data. Multi-omics approaches reveal 

historical demographic and evolutionary processes linked to glaciological and climate history (Theme 

7), providing crucial context for interpreting present and future Antarctic biodiversity. Targeted 

sampling in undersampled regions will improve species distribution and community models as well as 

better constrain ice-sheet (Theme 3) and oceanographic (Theme 1) models that rely on biological data. 
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Integrating biological, physical, chemical and genomic datasets will reveal biodiversity hotspots, 

connectivity and areas of resilience or vulnerability to climate change and human activities (Theme 5). 

Beyond scalable sampling and observation technologies, we need taxonomically consistent inventories; 

species distribution modelling to forecast climate-driven range shifts; and ML-based methods to 

integrate heterogeneous datasets and improve ecosystem models.  

Terrestrial ecosystems: The emerging paradigm for Antarctic terrestrial biodiversity in ice-free habitats 

carries legacies of population persistence in glacial refugia, and expansion into new habitats following 

glacier and ice sheet retreat11, and, contrastingly, episodic high meltwater wash-away of terrestrial 

vegetation. Habitat suitability frequently plays a significant role in determining community structure 

and function in many areas. These communities are connected by dispersal, shaped by organism traits 

and physical drivers. Understanding their relative importance is critical for predicting how climate 

change will impact biodiversity (Themes 3, 7), and guiding management12. Antarctica’s terrestrial 

ecosystems function more like an archipelago than a continent13, due to their separation by vast 

expanses of inhospitable ice. Moreover, substantial environmental variation characterises distant ice-

free areas across the entire Antarctic7. In many Antarctic ice-free regions, permafrost and active-layer 

dynamics strongly influence soil moisture, geomorphological processes and habitat stability, yet 

observations of permafrost temperature, active-layer thickness and moisture remain sparse and 

unevenly distributed. Ecological theory14 suggests that the interactions between abiotic filtering, 

dispersal, adaptation, biotic interactions, and ecological stochasticity drive biodiversity responses to 

change. Coordinated, standardised pan-Antarctic biodiversity observations are needed to map species 

distributions and ranges, evaluate niche versus neutral processes, especially aeolian dispersal, and 

improve projections and conservation actions. Greater connectivity from increased glacial melt may 

redistribute species and facilitate spread of non-native species13. For microbes, moss and lichen spores, 

plant seeds and microinvertebrates, continent-wide airshed modelling is needed to simulate the transport 

of biological particles, based on size and density. Although organisms on and in glacial surfaces are a 

crucial contributor and connected to the scarce terrestrial ecosystems of Antarctica, this cryoflora 

remains largely understudied15 and is threatened to be lost by melt events. Also, coordinated 

biodiversity assessments using different complementary techniques, including omics approaches, 

remote sensing and modelling, can reveal the taxonomic composition and range size of these 

communities, and predict their response to climate and environmental changes16. Joint ice sheet 

traverses (Theme 3) will allow for substantial progress with such questions.  

Marine ecosystems: Accepted range-based models of Southern Ocean biogeography suggest 

widespread, well-connected assemblages, inferring general resilience. However, many nominal 

‘species’ comprise multiple lineages with restricted ranges, low effective population sizes, and poor 

connectivity e.g.,17,18, implying greater vulnerability to environmental change than assumed. Yet, local 

adaptation and acclimation potential remain understudied for some species, as does the likelihood of 

poleward range contractions versus expansions. A major challenge is to understand how cumulative, 

interacting drivers shape biodiversity across biological levels, from host-associated microbiomes to 

populations, communities and ecosystems, and across temporal scales spanning contemporary change 

and historical baselines preserved in biological archives. Calcifying organisms, in particular, can 

preserve skeletal records of environmental conditions and biological responses, helping link past 

biodiversity dynamics with present patterns and future trajectories.  

Given the reliance on species names for effective conservation management, the unrecognised diversity 

of the Southern Ocean remains underappreciated and potentially inadequately protected. A clear 

knowledge gap is the extent of biodiversity underestimation, and the spatial patterns that emerge when 

cryptic or unrecognised species are mapped. An example is our limited spatial understanding of benthic 

marine forests and the distributions of the species that comprise these unique circumpolar ecosystems. 

A key question is whether diversity data, including genomic data, can be used to project biogeographic 
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and evolutionary patterns under future change and identify priority regions for conservation19,20. In this 

context, increasing evidence of “silent” range expansions and invasions in polar regions, particularly 

among sessile benthic taxa, highlights the need to link circumpolar biodiversity assessment with early 

detection frameworks for non-native and range-expanding species. 

A major hurdle in understanding Southern Ocean biodiversity is the limited incorporation of fine-scale 

habitat variation and environmental drivers into high-resolution circumpolar assessments, partly due to. 

Uneven sampling across ice regimes and depth zones, despite clear differences, such as in benthic 

communities21. More comprehensive assessments are needed to link biodiversity patterns with 

ecological and physical dynamics by combining. These should integrate taxonomic, molecular and 

archival evidence to reconstruct past biodiversity, identify cryptic diversity, and improve predictions of 

future biodiversity change under ongoing environmental stress. Omics tools now enable both fine-scale 

(e.g.,22) and broad-scale assessments (e.g.,23), yet reference genomes remain scarce. There is also a lack 

of long-term international coordination and repeated sampling transects across the Southern Ocean, 

limiting consistent biodiversity mapping and conservation planning. 

In the pelagic realm, a major research gap is the response of productivity, community composition and 

carbon export to seasonal controls such as light, temperature, sea-ice extent, trace metals and 

macronutrients (Theme 1). Whilst the biodiversity and distribution of some phytoplankton and 

zooplankton groups have been fairly well studied, data coverage is still limited to certain regions and 

mostly the spring and summer months. While range shifts in some species are well documented, shifts 

in understudied zooplankton, including copepods, salps, pteropods and gelatinous taxa24 could reshape 

energy transfer to predators, disrupt nutrient cycling and alter pathways of organic matter export to the 

seafloor affecting the benthic biodiversity. Recent findings suggest there is a broad functional 

biodiversity within Southern Ocean microbial communities that we are still unaware of. Additionally, 

pathogens and disease dynamics are another largely overlooked component of Southern Ocean 

ecosystem functioning. 

Across taxonomic groups, their functional genetic diversity, and environmental realms, we still lack a 

fundamental understanding of microbial processes in the Southern Ocean, their seasonal cycles, how 

biogeochemistry and trace-metal co-limitation shape community composition and distribution, and in 

turn environmental functions. Microbial life in sea-ice, its origin and role in reseeding the water column 

during retreat are yet to be parameterised in light of receding sea ice extent (Theme 2). The benthic 

ecosystem integrates organic matter transferred from the pelagic realm, linking primary production and 

pelagic community dynamics to sediment biodiversity and functional variability across regions and 

habitats. Although benthic biodiversity underpins ecosystem functions (e.g., carbon sequestration), 

circumpolar and seasonal data remain sparse, yet are crucial to understand how pelagic-benthic 

coupling shapes the benthic ecosystem biodiversity. A coordinated circumpolar approach, crossing a 

range of physical and chemical environments would seek to answer these questions.  

Antarctica’s predators are a vital, yet poorly understood, link in the vertical transfer and recycling of 

organic matter and micro/macronutrients, coupling biological and chemical processes across both 

trophic levels and spatial scales. While some regional population estimates exist, many are outdated, 

and circumpolar efforts are largely absent. Addressing this gap requires integrating traditional surveys 

with modern bio-logging, acoustic methods, and remote sensing approaches that together can provide 

up-to-date large-scale assessments. Compounding the urgency of rapidly changing sea-ice dynamics, 

the ongoing recovery of whale species from historical whaling introduces additional, poorly understood 

top-down pressures on prey fields and community dynamics, underscoring the need for a 

comprehensive reassessment of their populations and distributions.  

 

2.2 Ecosystem Functioning   

Knowledge of ecosystem functioning in the Southern Ocean and Antarctica is scattered geographically 
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and restricted in time, quantity and interdisciplinarity of the archived data sets. A crucial challenge in 

predicting and identifying trends and changes is posed by the requirement for the aggregation and 

synthesis of available data sets into a shared data and information system. Such a system will be 

essential for modelling and understanding ecosystem functioning and ecosystem management. In this 

context, a biodiversity-centred, holobiont-based perspective is increasingly needed, recognising that 

species distributions, resilience and adaptive potential are shaped not only by host traits but also by the 

diversity and composition of associated microbiomes. We must also consider the connectivity of 

ecosystems at a larger scale, particularly between terrestrial and marine systems, which presently 

represents another key knowledge gap. To fill this, in situ measurements of ecosystem processes such 

as primary and secondary production, respiration, nutrient mineralisation rates and cycling, and gas 

fluxes and host-pathogen interactions need to be combined with meta-omics approaches over habitats, 

seasonal cycles and spatial scales.  

Terrestrial ecosystems: All terrestrial Antarctic taxa face severe knowledge gaps with regard to 

tolerance breadth for environmental conditions, functional traits, their variability, and their ecological 

significance in these extreme environments12. In addition, the role of biotic interactions in structuring 

Antarctic terrestrial ecosystems and maintaining their functions remains largely unknown. Climate 

change (Theme 7), human pressures (Theme 5) and increased glacial melt (Theme 3) affect terrestrial 

and lacustrine primary production, nutrient and carbon cycling, and other ecosystem functions (e.g., gas 

fluxes). Permafrost and active-layer dynamics are also critical controls on these processes in ice-free 

areas, regulating soil temperature, moisture levels, geomorphological stability and carbon cycling. 

However, observations remain sparse, limiting our ability to model future changes and their 

downstream impacts. A key knowledge gap concerns how ecosystem functions and energy fluxes 

respond to spatial and temporal variability in abiotic and biotic conditions. In situ data are therefore 

essential for ground-truthing and calibrating remote-sensing products that estimate ecosystem functions 

and properties (e.g., vegetation cover and health, primary production, newly ice-free areas, potential for 

vegetation colonisation).   

Marine ecosystems: While summertime upper-ocean processes are relatively well described, under-ice, 

year-round and cross-habitat observations remain scarce in pelagic and benthic zones. Consequently, 

seasonal dynamics of processes such as the biological carbon pump (Themes 1, 2), nutrient 

transformations and remineralisation, and life histories, remain uncertain, limiting predictions of 

ecosystem responses to sea ice loss (Theme 2) and glacial and ice shelf melt (Theme 3). Coordinated, 

all-season sampling is needed to better understand how micro/macronutrients, sea ice and other factors 

regulate carbon cycling and benthic-pelagic coupling25 and ecosystem dynamics.  

Phytoplankton and zooplankton communities underpin Southern Ocean food-webs, yet productivity 

and adaptations outside the austral summer, and the role of micro/macronutrients remain poorly 

understood, both in open water and under the ice, across gradients set by ocean currents (Theme 1), 

snow cover and sea ice dynamics (Theme 2, 3). Improving predictions of biogeochemical change will 

require integrating AI-assisted approaches with ecosystem modelling and interdisciplinary observations 

to better understand ecosystem dynamics and climate impacts (Theme 7). 

In the pelagic realm, spatial and temporal change is increasingly evident. Antarctic krill biomass is 

retreating polewards while salps are extending into higher latitudes26,27; other zooplankton and nekton 

are also likely to shift but remain understudied28. For top predators, alterations to sea ice dynamics and 

changes in prey fields raise foraging costs, depress juvenile survival and adult fitness, potentially 

driving range shifts. These species remain valuable eco-indicators of under-ce ecosystem conditions, 

yet knowledge of their functional responses (i.e., energetic payoff vs. prey abundance) remains limited. 

Trophic cascades link pelagic systems to the benthos, where variations in food supply, sedimentation 

rates and particulate organic matter affect ecosystem functioning alongside evolutionary processes such 
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as dispersal, drift and geographic isolation. Benthic communities mediate key processes including 

carbon storage and sequestration, remineralisation and nutrient cycling. Identifying ecological hotspots 

alongside energy fluxes between trophic levels will therefore support guide management of ecologically 

critical areas in the Southern Ocean29. In particular, ice-covered regions, including the mid- and deep-

water column, seamounts and ridges, remain understudied and require new technological approaches 

in mapping and camera surveying for their discovery.  

2.3 Ecosystem Services   

Antarctic ecosystem delivers critical and global services, including long-term carbon sequestration30, 

nutrient recycling, genetic resources, and climate system feedback (Themes 1, 6, 7). However, the scale 

and variability of these services, particularly for less visible communities (e.g., benthos), remain poorly 

quantified. Antarctic biota show high endemism and unique adaptations making them vulnerable to 

climate change, habitat loss, invasive species and pathogens, and threatening both biodiversity and 

ecosystem functions that sustain services. Moreover, human interactions with the Antarctic and 

Southern Ocean ecosystems and the ecosystem services they demand, have a direct impact on the very 

ecosystem functions and services provided (Theme 5).  

Identifying and assessing Antarctic ecosystem services are important for protecting essential ecological 

processes (biophysical structure and processes) both within and outside of the Antarctic region. Despite 

not having a permanent human population, i.e., local “beneficiaries” of these services, we can still 

outline provisioning ecosystem services directly linked to in-situ activities (e.g., marine living 

resources, genetic resources), regulating services that are indirect and concern ex-situ global societies 

(e.g., atmospheric circulation, nutrient cycling) and cultural services that consider the bequest values, 

cultural heritage, scientific and educational opportunities that Antarctica reveals31.  

A circumpolar, multidisciplinary approach coupling biological, biogeochemical and physical 

observations will be crucial to quantify and model Antarctic marine (including sea ice, pelagic, and 

benthic) and terrestrial ecosystem services under future climate scenarios (Theme 7). This knowledge 

will not only support global assessments, such as IPBES and IPCC, but also inform the adaptive 

management strategies of conservation bodies including CCAMLR and the ATS.  

Terrestrial ecosystems: Antarctic terrestrial ecosystems provide important ecosystem services and 

habitats that support unique biodiversity31; many species are endemic, especially in the microbiota, and 

remain undiscovered. There are limited species descriptions for all major groups and underexplored 

regions reveal considerable potential for further discoveries32, raising the need to biobank genetic 

information before it is lost. In addition, these habitats have an enormous wilderness value, and many 

Antarctic terrestrial habitats are unique on Earth. Moreover, Antarctic terrestrial ecosystems are 

connected to the marine realm through meltwater input, marine birds and mammal migration and it is 

largely unknown how this connectivity might affect ecosystem services (e.g., nutrient cycling33) and, 

vice versa, how they may affect marine life (e.g., as reservoirs for pathogens). Antarctic ice-free sites 

have a strong attraction for the growing Antarctic tourism industry, which visits an increasing number 

of terrestrial sites in the Antarctic Peninsula and elsewhere, for their wildlife (i.e., nesting birds), historic 

remains and scenic beauty.  

Marine ecosystems: Antarctic marine ecosystems provide valuable provisioning services (e.g., 

fisheries), regulating services (e.g., climate), and cultural services (e.g., tourism, science). Despite their 

functional role, many ecosystem services contributions remain largely unaccounted for or poorly 

integrated in current conservation frameworks. For instance, MPA initiatives have primarily focused 

on "commercially" relevant species and marine resources, while overlooking ecosystem engineers, such 

as seafloor communities as regulators of carbon storage and biogeochemical cycling (Theme 1). 

Estimates of carbon storage and potential sequestration on the Antarctic shelf have considerable societal 

value30 while coastal areas, marginal ice zones, polynyas and retreating fjords in particular are hotspots 

of carbon drawdown and/or storage34 that are likely still underestimated35. Understanding these benthic 
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and pelagic processes, and integrating them into conservation and management strategies, is essential 

to capture the true ecological, climate and aesthetic/cultural value of Antarctic ecosystems. Emerging 

marine spatial planning and ecosystem-service assessment frameworks, applied elsewhere globally, 

provide tools to integrate these values and evaluate trade-offs among fisheries, tourism, climate 

regulations and scientific activities in marine management36.  

3. Observing strategies and essential variables 

Developing an effective, integrated marine observation system requires a foundational design that uses 

existing platforms whilst remaining receptive to technological innovation. Specific observing strategies 

that close knowledge gaps and work towards connected knowledge bases will be developed by 

international working groups of experts rooted in the broader paradigm of Open Science. Working 

group efforts build upon previous developments of Essential Variables for Antarctica and the Southern 

Ocean37,38, aiming for the integration of new technologies such as rapid biodiversity discovery, 

autonomous sensing, bio-logging, and remote observation into the framework of tasks. International 

workshops will help to align standards across data collection platforms, thereby creating a dynamic tool 

box for current and future international programs, especially IPY-5. Within this framework, adherence 

to FAIR principles (Findable, Accessible, Interoperable, and Reusable) significantly enhances data 

consistency, interoperability, and long-term usability. Furthermore, to achieve genuine reproducibility, 

strict traceability, and transparency, the application of FAIR principles must transcend initial metadata 

and raw datasets. True Open Science mandates that these principles be systematically extended to all 

non-data assets, encompassing analytical workflows, methodologies, algorithms, and computational 

tools. Ultimately, this holistic and transparent approach facilitates the ongoing evaluation of data 

coverage and utility, thereby ensuring that the resulting scientific outputs meaningfully, equitably, and 

reliably inform policy formulation and conservation decisions.  

 

3.1 Biodiversity assessment   

Data on the distribution, abundance, biomass, population sizes, and genetic diversity are essential 

biodiversity variables (EBVs) for assessing circum-Antarctic patterns of species richness, genetic 

richness, niche range, endemism and community structure across different taxonomic groups and 

systems. For the Antarctic region, SCAR, SOOS and GEOBON experts are interacting to provide a 

scheme of EBVs for biodiversity assessments. These variables can be obtained through complementary 

approaches and observing strategies, including direct sampling (such as plankton nets, targeted trawls, 

cores and grabs), standardised settlement devices and colonisation systems in combination with non-

invasive methods, such as visual surveys using camera mosaics, ROVs, AUVs, under water video 

profilers (UVPs) and remote sensing. Complementary morphology-based identifications (with 

vouchered specimens) alongside AI/ML methods and molecular species delineation further enhance 

detection across diverse habitats. Integrating these biotic variables with measurements of environmental 

properties, including local chemical and physical characteristics, biotic interactions, the historical 

context, as well as past and present-day connectivity will identify the drivers of taxa distributions and 

co-occurrences. Such approaches also enable explanation of spatial and temporal variations in 

population densities, community composition, and range sizes, and provide a robust foundation for 

circumpolar biodiversity assessment and ecosystem management. Working groups plan to organise 

circumpolar eDNA sampling of ice, ocean waters, and land to sea transects, as well as microbial, pelagic 

and benthic multi-size class surveys and sampling schemes in undersampled regions. New variables 

will be integrated such as land and ocean soundscapes, with links to top predator circumpolar surveys.  

https://scar.org/
https://www.soos.aq/
https://geobon.org/
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3.2 Ecosystem functioning   

Ecosystem functioning in Antarctic terrestrial and marine habitats can be quantified using a 

combination of molecular, physiological, and ecological measurements alongside observations, 

including omics approaches. These molecular insights are complemented by measurements of 

ecosystem processes across scales from meters to 100 kms, for primary production, respiration, grazing, 

nutrient uptake and (re-)mineralisation rates to study processes at larger spatial scales. Further upscaling 

of process understanding can be achieved by complementing in situ measurements with remote-sensing 

approaches and data assimilations by modeling. In terrestrial settings, lichens and mosses are some of 

the main contributors to Antarctic plant diversity and regulate the ecosystem processes associated with 

toxin accumulation and soil elemental cycling, so should be examined in this context, as well as their 

anti-stress responses to environmental drivers/extremes.   

In the Southern Ocean, information on trace metal concentrations and bioavailability is essential to 

understand productivity patterns across the food web. Species interactions and food-web structure can 

be analysed using a wide range of approaches across all trophic levels. Genomic and transcriptomic 

analyses on microbial and key metazoan species will inform us on connectivity, local adaptation and 

resilience to change. Profilers, floats equipped with biogeochemical sensors and remote sensing for 

ocean color will provide key environmental variables (Themes 1,2).  

In benthic ecosystems, ecosystem functioning essential variables also include bioturbation and 

bioirrigation rates, sediment oxygen consumption and redox potential, and the input, degradation and 

burial of organic matter. Alongside downward fluxes of carbon and other elements, these processes 

underpin carbon storage and flow, nutrient cycling and energy transfer between the pelagic and benthic 

systems as well as between pelagic and cryospheric habitats.   

When using top predators as ecoindicators, a series of variables that describe prey-predator interactions 

can be extracted from bio-logging and bio-telemetry approaches, such as prey encounter event, energy 

expended, foraging/hunting times and energy gained. Coupling these animal-borne sensor 

measurements to data collected by autonomous buoys, moored systems, or UAVs would offer a 

complete view of ecosystem processes, especially those occurring under sea ice. In parallel, more 

“classical” on land measurements of breeding success and morphometrics complement the picture. In 

addition, a wide variety of variables such as dietary regimes, oxidative stress balance, parasitic load, 

immune status and so on, can be obtained by collecting blood, faeces and teguments from these 

predators.  

Together, these variables provide a framework to quantify ecosystem functioning, connecting across 

trophic levels, enabling a mechanistic understanding of the ecological and biogeochemical processes 

sustaining Antarctic and Southern Ocean biodiversity. In the EBV system, these are captured by the 

classes of Ecosystem Functioning and Ecosystem Structure, and are complemented by ecosystem 

Essential Ocean Variables (eEOVs), such as biomass, growth rates, predator-prey interactions.  

3.3 Ecosystem services   

Global climate change is shaping the ecological processes in the polar regions and having profound 

effects on the ecosystems and the services they provide to society. The specific variables related to the 

identification and analysis of Antarctic ecosystem services could be related to the supply and demand 

for those ecosystem services, as well as to the interactions between humans and nature, and further 

downscaled into variables related to the abiotic factors, biophysical settings of the environment, and 

socio-economic indicators. These variables would then showcase the changes in human-environment 

interactions39. To analyse the ecosystem services, a definition of the ecosystem types and delineation 

of the service providing units (SPUs) and appropriate mapping units should be performed.  

Terrestrial ecosystems: quantifying Antarctic ecosystem services is largely based on expert assessments 

aimed at, for example, identifying those habitats supporting a particularly unique diversity, a high 
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incidence of endemism, or having exceptional wilderness, aesthetic or scientific values. To the best of 

our knowledge the application of the ecosystem services concept in Antarctica has limited popularity 

among the environmental studies and assessments of Antarctic ecosystems that are performed on local 

scales. A holistic and well-systematised analysis requires the integration of different methods and 

approaches, both qualitative and quantitative, such as expert-based assessment, and biophysical 

modelling, and the application of a coherent typology.  

Marine ecosystems: Antarctica and the Southern Ocean provide numerous ecosystem services, 

including tourism or commercial fisheries, as well as many other invisible to markets and decision 

makers, such as carbon sequestration. A conservative estimate values these at $180 billion annually40. 

Biodiversity change directly affects the provision of these services. There is a need to identify, quantify 

and evaluate services derived from the marine system, along with threats to these services. From 

primary producers to the great whales, Antarctic marine systems are tightly coupled to the extent and 

duration of sea ice cover (Theme 2)41. Freshwater inputs and water availability further modulate 

physico-chemical and biological processes, including pollutant transport (Theme 5). Considering shifts 

in species composition, harvest, and other anthropogenic pressures within a changing climate is 

therefore essential to assess, and safeguard, the ecosystem’s capacity to sustain these benefits. The EBV 

system foresees integrating these variables into the class “Ecosystem Services”, with the focus on 

bridging data to policy-relevant information for decision-makers. Collaborative approaches with 

CCAMLR will define specific essential variables to this class, and working groups will be formed with 

a focus on conservation-relevant indicators.   
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