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The Southern Ocean is central to global heat and carbon cycling, connecting all the major ocean basins and 
regulating Earth’s climate system, and hence providing ecosystem services of global significance. However, its 
ecosystems are increasingly vulnerable to climate change and localized human-induced pressures, such as 
(biological) resource extraction, pollution, ship traffic, and tourism. Effective conservation and management 
require systematic and reliable monitoring frameworks. The Essential Variables concept offers a robust 
approach to integrate fragmented data, to standardize data collection, and to generate policy-relevant data 
products enabling informed responses to rapid environmental change. This paper synthesizes the key outcomes 
of a workshop held in Hobart, Australia, alongside the Southern Ocean Observing System Symposium, in 2023.To 
advance the adoption, development, and operationalization of Essential Variables tailored to the Southern Ocean, 
researchers with diverse expertise came together to assess current data gaps in ocean observations and to 
establish monitoring priorities for marine ecosystems. The workshop provided a dedicated forum to identify key 
Southern Ocean-specific candidate variables, address methodological challenges, and design pathways for 
developing a systematic, open, and adaptable framework suited to the region’s unique ecological and 
environmental conditions. In this paper, we propose Essential Biodiversity Variables that are tailored to the 
Southern Ocean and are intended to monitor changes in sea ice, planktonic, benthic, and top predator systems. 
The adoption of Essential Biodiversity Variables specific to the Southern Ocean can enhance our capacity to track 
biodiversity trends, assess ecosystem health, and inform policy by transforming fragmented data into a cohesive, 
policy-relevant framework. However, the success of these efforts is only possible by securing sustained funding 
and enhancing interoperability and collaborations across research groups. 
This paper as well as the Hobart 2023 workshop are activities endorsed by the UN Decade of Ocean Science for 
Sustainable Development. 

Keywords: Southern Ocean, Essential Variables, Essential Biodiversity Variables, Data products, UN Ocean 
Decade, Ocean observations 
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1. Introduction: The need for standardized key 
metrics capturing biodiversity trends 
The Southern Ocean plays a significant role in Earth’s 
climate system, absorbing over 40% of anthropogenic 
CO2 and 90% of the excess heat from greenhouse gas 
emissions (Le Queré et al., 2018; IPCC, 2022). Beyond 
climate regulation, it delivers globally important ecosys
tem services, supporting biodiversity and carbon seques
tration (Grant et al., 2013; Cavanagh et al., 2021; Murphy 
et al., 2021). Its relatively pristine ecosystems, home to 
iconic species like krill, whales, and penguins, are shaped 
by oceanographic processes, including the Antarctic Cir
cumpolar Current, upwelling, and sea ice dynamics, which 
drive nutrient cycling and biological productivity (Consta
ble et al., 2014; Rintoul et al., 2018; Henley et al., 2020). 
However, environmental shifts such as declining sea ice, 
ocean warming, freshening, and acidification are disrupt
ing ecological processes, affecting primary production, 
species distributions, predator-prey relationships, and the 
survival of calcifying organisms (McNeil and Matear, 2008; 
Turner et al., 2020; Pinkerton et al., 2021; Reisinger et al., 
2022; Swadling et al., 2023; Kawaguchi et al., 2024). These 
stressors are exacerbated by growing human pressures, 
including expanding fisheries, particularly for Antarctic 
krill (Euphausia superba), alongside rising tourism and 
environmental contamination (Hill et al., 2013; Cavanagh 
et al., 2021; McBride et al., 2021; Tejedo et al., 2022; 
Bargagli and Rota, 2024). As these stressors interact, they 
lead the Southern Ocean closer to critical tipping points, 
thresholds beyond which rapid and potentially irreversible 
ecosystem shifts may occur (Lenton et al., 2008; Kubis
zewski et al., 2024). The risk of cascading tipping points, 
where changes in one system trigger disruptions in others, 
remains an underappreciated but serious threat, with far-
reaching consequences for global marine biodiversity, cli
mate stability, and society at large. One example for the 
Southern Ocean is the redistribution of marine species 
driven by ocean warming. Reports already indicate 
declines in suitable habitats for sessile benthic inverte
brates, cryophilic fish, krill, and other ice-dependent 
species. Under a high-emissions scenario, up to 80% of 
emperor penguin colonies could be quasi-extinct by 2100 
(Jenouvrier et al., 2020, as cited in Kubiszewski et al., 
2024). 

-
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Despite the Southern Ocean’s global significance, the 
biodiversity of this vast region remains poorly understood 
due to spatially fragmented, temporally biased, and taxon-
specific data collection (Newman et al., 2019; Bonnet-
Lebrun et al., 2023), which has led to critical knowledge 
gaps that limit the effectiveness of conservation and man
agement strategies (Miloslavich et al., 2018; Bonnet-
Lebrun et al., 2023). Resolving these challenges requires 
tools and frameworks that translate observations effi
ciently into actionable, policy-ready insights (Press, 
2021). Such tools must inform the selection and develop
ment of indicators, assessments, and predictions to safe
guard biodiversity (Van de Putte et al., 2021). In the 
Southern Ocean context, they should inform decision-
making, ecosystem-based management, the creation of 
protected areas (such as Marine Protected Areas, Antarctic 

-

-

-
-

Specially Protected Areas, and Antarctic Specially Managed 
Areas), and guarantee the long-term sustainability of the 
region’s ecosystems, realized through the maintenance of 
key ecological functions, biodiversity, and resilience, 
within the context of ongoing environmental change 
(Turner et al., 2014; Brooks et al., 2016; Hindell et al., 
2020; Rogers et al., 2020; Constable et al., 2023). 

Several global frameworks, with varying degrees of syn
ergy, have been developed to address the need for obser
vations that can contribute to robust trend indicators in 
monitoring climate, biodiversity, ecosystems, and other 
environmental changes (see Section 2.2). The Essential 
Variables (EVs) framework currently encompasses 
Essential Climate Variables (ECVs), Essential Ocean Vari
ables (EOVs), Essential Biodiversity Variables (EBVs), eco
system Essential Ocean Variables (eEOVs), and Essential 
Ecosystem Service Variables (EESVs) (Lindstrom et al., 
2012; Constable et al., 2016; Balvanera et al., 2022). While 
some of these frameworks are fully operational, others are 
still in development, collectively advancing the under
standing of environmental and biological systems with 
greater scope and precision. By standardizing critical 
metrics, these tools offer the potential to integrate frag
mented observations into cohesive ecosystem monitoring 
strategies. 

-
-

-
-

-

-

The Southern Ocean remains underrepresented in 
global conservation goals, leading to an underapprecia
tion of its global significance (Chown and Brooks, 2019). 
Adopting and adapting the EV concept to the Southern 
Ocean’s unique characteristics could help elevate its con
servation needs within global priorities, by providing 
evidence-based insights that support more effective policy 
and management responses to environmental change and 
ecosystem vulnerability (Pereira et al., 2013; Constable 
et al., 2016; Constable et al., 2023). As the United Nations 
Decade of Ocean Science for Sustainable Development 
2021–2030 (hereafter UN Ocean Decade) progresses with 
its mission to develop “the science we need for the ocean 
we want” (Intergovernmental Oceanographic Commission, 
2021), the Antarctic marine scientific community has 
a unique and time-sensitive opportunity to advocate for 
the implementation of this framework to support future 
decision-making in the Southern Ocean. 

-

-

The UN Ocean Decade is closely aligned with the 
United Nations’ Agenda 2030 and the Sustainable Devel
opment Goals (SDGs), established in 2015 as a global call 
to eliminate poverty, protect the planet, and ensure well
being for all by 2030 (Constable et al., 2016; Van de Putte 
et al., 2021; Janssen et al., 2022; Convention on Biological 
Diversity (CBD), 2025). Southern Ocean-specific EVs can 
provide useful indicators aligned with SDG 14: Life Below 
Water (Targets 14.1–14.5) and SDG 13: Climate Action 
(Targets 13.1–13.3), while serving as a unifying framework 
across global initiatives. On a broader scale, these EVs, 
particularly in the context of Southern Ocean fisheries and 
ecosystem monitoring, align with SDG 2: Zero Hunger 
(Target 2.4, sustainable food production), SDG 8: Decent 
Work and Economic Growth (Target 8.4,  resource 
efficiency), and SDG 12: Responsible Consumption and 
Production (Target 12.2, sustainable resource use). These 

-
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alignments are particularly relevant as krill fisheries 
expand and tourism pressures increase in the region, 
calling for science-driven sustainable practices. Under the 
Kunming-Montreal Global Biodiversity Framework (GBF) 
2022, adopted by the CBD to halt biodiversity loss by 
2030, EBVs support Targets 1–4 and 7–8. Additionally, 
EVs can enhance Global Biodiversity Data initiatives by 
standardizing biodiversity metrics, integrating data across 
ecosystems, and supporting global biodiversity assess
ments such as those led by the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Ser
vices (Geijzendorffer et al., 2016; Navarro et al., 2017). By 
developing Southern Ocean-specific EVs now, the scien
tific community can better integrate into this broader 
agenda, creating opportunities for evidence-based conser
vation strategies and ensuring that Southern Ocean 
biodiversity monitoring contributes meaningfully to 
global sustainability objectives. Conversely, this develop
ment also ensures that Southern Ocean conservation and 
management needs are prioritized at higher levels of deci
sion-making. 

-

-

-

-

-

-

The Marine Ecosystem Assessment for the Southern 
Ocean (MEASO; Constable et al., 2023), an open, partici
patory, and interdisciplinary initiative, evaluated the sta
tus and trends of Southern Ocean ecosystems and their 
drivers of change. Designed for policymakers, scientists, 
and the wider public, MEASO synthesized data, scientific 
literature, and expert knowledge to support ecosystem 
management, conservation efforts, and global assess
ments. Since its inaugural conference in 2018, MEASO has 
provided key scientific insights to guide decision-making 
(e.g., Constable et al., 2024) and played a crucial role in 
advising management and conservation agencies on sci
entific priorities, identifying research gaps, and informing 
the development of observing systems (Constable et al., 
2023). The incorporation of EVs into the MEASO frame
work would significantly enhance its capacity to track 
biodiversity changes, climate change impacts, and ecosys
tem health in a systematic and standardized manner, as 
EVs provide a structured approach to long-term ecosystem 
monitoring by integrating diverse data sources, ensuring 
consistency across studies, and improving the comparabil
ity of assessments over time. By adopting EVs, MEASO 
could strengthen its role as a key provider of actionable 
knowledge for ecosystem management and policy, reinfor
cing its contributions to global frameworks such as the 
CBD, GBF, SDGs, and the UN Ocean Decade. Recognizing 
this need, a dedicated workshop on Southern Ocean EVs 
was held in Hobart,  Australia, on August  10–11, 2023  
(hereafter Hobart-23 workshop). 

-
-

-

-

-

-

-

-

This paper builds upon the foundations established 
during the Hobart-23 workshop. By synthesizing the key 
outcomes of the discussions, it provides a roadmap for 
advancing biodiversity observation efforts in the Southern 
Ocean region. Organized by the Scientific Committee on 
Antarctic Research (SCAR) Antarctic Biodiversity Portal 
(biodiversity.aq), in collaboration with the Southern Ocean 
Observing System (SOOS) and the Australian Antarctic 
Division (AAD), and as a UN Ocean Decade endorsed activ
ity, the workshop brought together experts to advance 

-

ecosystem monitoring. The focus was specifically on 
marine ecosystems, with thematic groups dedicated to sea 
ice, planktonic, benthic, and top predator systems. 
Participants created an inventory of marine-focused EVs 
relevant to the Southern Ocean, building on existing fra
meworks (see Section 2.2). The workshop discussions led 
to the proposal of new EVs, including novel variables and 
adaptations of existing ones to the unique Southern 
Ocean context. The workshop also identified gaps in cur
rent observation infrastructures and highlighted the crit
ical data necessary for implementing these variables 
effectively. 

-

-
-

This paper, along with the accompanying resources (see 
Supplemental materials), is intended primarily for the sci
entific community engaged in Southern Ocean research 
and monitoring. It provides a foundation and bridge for 
the continued practices of identifying, developing, and 
operationalizing EVs tailored to the region. While the out
comes may also inform managers and stakeholders, par
ticularly in conservation and policy contexts, the main 
objective is to support the scientific processes that under
pin long-term, ecosystem-based observation. By maintain
ing an open and  adaptable framework, the  aim is to  
enable collaborative progress and ensure that Southern 
Ocean biodiversity trends are tracked in a standardized, 
policy-relevant, and scientifically robust manner. 

-

-
-

-
-

2. The Essential Variables for an integrated 
marine observation and information system 
2.1. An open and interconnected process 

To assess changes in the Southern Ocean and mitigate 
pressures on marine biodiversity effectively, the scientific 
community requires an integrated system of marine bio
logical observations that is tailored to the Southern 
Ocean’s unique conditions and seamlessly embedded 
within global monitoring frameworks. Such a system 
should build upon existing platforms while remaining 
open to innovation and ensuring transparency, with data, 
methods, and algorithms adhering to FAIR principles 
(Findable, Accessible, Interoperable, and Reusable; Tanhua 
et al., 2019; Van de Putte et al., 2021). 

-

Establishing a structured workflow for data collection, 
quality control, and management will be key for the effec
tiveness of an integrated marine observation system. A 
well-defined framework will enhance data consistency, 
interoperability, and long-term usability, while also 
enabling ongoing evaluation of progress, data coverage, 
and usage to ensure that collected data meaningfully 
inform conservation and policy decisions. Such a frame
work could be based on the cyclical architecture proposed 
by Benson et al. (2018), in which system components 
(monitoring, protocols, standards, accessibility, modeling, 
analysis, knowledge, and products) are interconnected and 
mutually informative. Early planning for data storage, vis
ibility, and accessibility is equally important and will make 
integration into global monitoring efforts much 
smoother. A key option for ensuring data visibility and 
accessibility is the Ocean Biodiversity Information System 
(

-

OBIS), a global open-access repository that aggregates 
and standardizes marine biodiversity data, including 

-

-
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species occurrences, distributions, and abundance, from 
a worldwide network of contributors. Recognized under 
the GBF as the designated “repository for ocean 
biodiversity,” OBIS plays a central role in marine biological 
data management. By serving as a clearinghouse, it pro
vides the scientific community,  policymakers,  and 
conservationists with the necessary data to track progress 
on GBF targets. 

-

EVs can serve as the cornerstone of this system, provid
ing the structured framework that connects all the con
stituent physical and biological components, enhances the 
understanding of the Southern Ocean, and facilitates 
effective, evidence-based ecosystem policy and manage
ment development. To support this, policy and conserva
tion bodies require well-curated data products that 
transform complex biodiversity information into action
able insights for management and decision-making. While 
existing EV frameworks provide a strong foundation, they 
are not always sufficient for addressing the unique char
acteristics of the Southern Ocean. Many existing variables 
are developed with global applications in mind, often 
underrepresenting critical processes in polar environ
ments, such as sea ice interactions, extreme seasonality, 
and distinct ecosystem dynamics. By proposing a set of 
Southern Ocean-specific variables, the goal of this paper 
is to refine and enhance observational capacity in a way 
that complements existing frameworks. The manuscript 
explicitly identifies key gaps in current EVs and demon
strates how Southern Ocean variables can better capture 
the region’s ecological and physical complexities. This 
effort is aligned with broader ocean observing initiatives 
to ensure interoperability and practical application for 
research, conservation, and policy. 

-
-

-
-

-

-

-

-

2.2. The emergence and development of Essential 

Variables frameworks 

Although EV frameworks such as ECVs, EOVs, and EBVs 
are well-established, their principles remain unevenly 
adopted across polar research programs. A brief overview 
is provided to clarify how our proposed Southern Ocean-
specific EVs align with and build upon these efforts. 

The Global Climate Observing System, under the 
World Meteorological Organization, first introduced 
ECVs to monitor Earth’s changing climate systematically. 
These variables are fundamental for assessing the state 
of the climate system and informing global reports such 
as those from the Intergovernmental Panel on Climate 
Change. Building on the ECV framework, the Global 
Ocean Observing System (GOOS) defined EOVs to track 
key physical, chemical, and biological oceanic processes, 
enabling a deeper understanding of the ocean’s state 
and its interactions with the Earth system (Miloslavich 
et al., 2018). Notably, ocean ECVs and their correspond
ing EOVs are directly aligned, ensuring compatibility 
across  observing systems.  This  equivalence allows 
for seamless deployment and integration, facilitating 
a more coordinated and efficient approach to ocean 
monitoring. 

-

Inspired by both the ECV and EOV frameworks, EBVs 
were introduced by the Group on Earth Observations 

Biodiversity Observing Network (GEO BON) to standardize 
biodiversity data collection, sharing, and application for 
global monitoring (Pereira et al., 2013; Navarro et al., 
2017). EBVs harmonize diverse biodiversity observations, 
whether derived from in-situ monitoring or remote sens
ing. These variables are versatile, representing measure
ments from single-location time series to aggregated 
observations across spatial scales (Schmeller et al., 2017; 
Jetz et al., 2019; GEO BON, 2025). Collaboration between 
GEO BON and GOOS enhanced the interoperability of EBV 
and EOV frameworks, facilitating a synergistic approach to 
biodiversity and ocean monitoring (Muller-Karger et al., 
2018). The relationships and complementarities between 
the ECVs, EOVs, and EBVs frameworks are illustrated in 
Figure 1. 

-
-

The SOOS, using the Framework on Ocean Observing 
(FOO), developed the Southern Ocean-specific eEOVs 
(Constable et al., 2016). While eEOVs complement broader 
frameworks such as EOVs and EBVs, they emphasize bio
mass, diversity, cover, and composition, while prioritizing 
ecosystem-level properties, including the spatial distribu
tion of taxa, food web structure and function, and anthro
pogenic pressures. This tailored approach makes eEOVs 
particularly well-suited to addressing the unique complex
ities of the Southern Ocean’s ecosystems (Van de Putte 
et al., 2021). 

-

-
-

-

The emerging framework of EESVs aims to represent 
human-nature relationships and their evolution over time. 
Designed to monitor progress toward the SDGs and 
Agenda 2030, EESVs include categories such as ecological 
supply, anthropogenic contributions, demand, usage, 
instrumental values, and relational values (Balvanera 
et al., 2022). These variables provide a structured approach 
to measuring ecosystem services in the context of sustain
ability and human well-being. 

-

2.3. Essential Ocean Variables 

EOVs are a set of key oceanic parameters that provide 
information on the state and dynamics of marine systems, 
supporting the monitoring of ocean health and climate 
change. They are designed to capture a wide range of 
oceanic properties, such as sea surface temperature, as 
well as biogeochemical and ecological processes, includ
ing carbon cycling, nutrient fluxes, and primary produc
tion. By standardizing the monitoring of these variables, 
EOVs offer a consistent and comprehensive framework for 
tracking long-term trends in ocean conditions, which is 
essential for informed decision-making and management 
of marine resources (Global Ocean Observing System, 
2020). Integrating EOVs into monitoring systems provides 
an effective way to assess the impacts of climate change, 
pollution, and overfishing on marine ecosystems. 

-
-

Within the GOOS, EOVs are supported by three distinct 
yet interconnected types of variables. Sub-variables are the 
measurable or inferred components of an EOV (or ECV) 
that may be derived from other variables in the observing 
system. Derived variables are quantities or indicators 
calculated directly from the EOV or ECV, offering addi
tional insights into ocean processes. Lastly, supporting 
variables include other EOVs, ECVs, or any additional 

-
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Figure 1. Conceptual alignment of the frameworks for Essential Climate, Essential Ocean, and Essential 
Biodiversity Variables. Simplified representation of the relationships between Essential Climate Variables (ECVs), 
Essential Ocean Variables (EOVs), and Essential Biodiversity Variables (EBVs). The hierarchy is structured as follows: at 
the top level, the EV types (ECV, EOV, EBV; large dark circles) are depicted, followed by their respective categories 
(oblong shapes) and specific variables (small light circles). All individual variables are shown for EOVs and EBVs, 
whereas for ECVs, only the subcategories are represented. Note that ocean-related ECVs are functionally equivalent to 
their corresponding EOVs and can be integrated seamlessly into observing systems, without distinction; these 
relationships are represented by double-sided continuous black lines. Dashed lines indicate cases where an ECV 
subcategory contributes to variables within the EOV framework (e.g., Cryosphere—Sea ice). Colored lines illustrate 
the connections between variable categories and the specific variables they share with another framework. For EBVs, 
linkages are exemplified using a single EOV, “phytoplankton biomass and diversity,” to illustrate connections. A more 
comprehensive representation of these relationships can be found in Muller-Karger et al. (2018). 

measurements needed to fully deliver the EOV. The EOV 
framework (Figure 2) is structured around three cate
gories and is further organized into 34 variables. 

-

2.4. Essential Biodiversity Variables 

EBVs are defined in several ways. (1) EBVs are critical 
variables that capture biodiversity state and changes 
across time, space, and biological organization levels. They 
are designed to provide a standardized approach to biodi
versity monitoring, enabling the integration of diverse 
data sources into meaningful metrics (Schmeller et al., 
2017). (2) EBVs are an interface between raw data and 
biodiversity indicators, supporting the detection of critical 
changes and informing policy at national and global scales 
(Langer et al., 2022). (3) EBVs are biological variables that 
contribute critically to the characterization of Earth’s bio
diversity; they are a minimum set of common, and com
plementary set of  observable,  variables across the 
dimensions of biodiversity that can be used to create indi
cators of system-level biodiversity trends (Brummitt et al., 

-

-
-

-

2017). (4) The internationally recognized EBV framework 
facilitates alignment of local observations with larger scale 
monitoring efforts by targeting essential aspects of biodi
versity, enabling the integration of data from diverse sam
pling programs. It offers a structured means to translate 
biodiversity data into actionable insights, particularly rel
evant in understanding the impacts of environmental 
changes and human activities (Schmeller et al., 2017; 
Muller-Karger et al., 2018). 

-
-

-

The EBV framework (Figure 3) is structured around 
three broad environmental realms, Marine/Coastal, Terres
trial, and Freshwater, and is further organized into six over
arching classes: Genetic Composition, Species Populations, 
and Species Traits, which are characterized as species-
focused EBVs, and Community Composition, Ecosystem 
Function, and Ecosystem Structure, which are characterized 
as ecosystem-focused EBVs. Each class is subdivided into 
specific EBV names, with a total of 21 defined variables. 
For more details, refer to the glossary available on the 
EuropaBON GitHub page (EuropaBON, 2025). 

-
-
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Figure 2. Framework for Essential Ocean Variables of 
the Global Ocean Observing System. This framework 
is structured into two hierarchical levels: Level I, with 
three Essential Ocean Variable (EOV) categories, each 
overseen by a dedicated Global Ocean Observing 
System expert panel; and Level II, with 34 individual 
EOVs. The three variables enclosed in dashed-line 
boxes indicate cross-disciplinary relevance. 

3. Designing Southern Ocean-specific 
Essential Variables 
3.1. Hobart-2023 workshop 

The methodology adopted to identify Southern Ocean-
specific EVs began with engagement across the scientific, 
management, and stakeholder communities. Online sur
veys helped assess initial priorities and identify gaps in 
existing systems. These preliminary findings shaped the 
agenda for the Hobart-2023 hybrid workshop, where in-
person and online participants engaged in plenary discus
sions and focused breakout sessions to refine priorities 
and strategies collaboratively. 

-

-

The workshop aimed to: 

1. compile an inventory of EVs relevant to the South
ern Ocean; 

-

2. assess data requirements for calculating these EVs 
and identify critical data gaps; 

3. prioritize EVs based on their ecological importance, 
policy relevance, feasibility, and urgency for integra
tion into monitoring efforts; 

-

4. map existing workflows and tools for processing 
biological data, evaluating their applicability, and 
identifying necessary improvements/developments; 
and 

5. develop a framework to transform raw, publicly 
available data into Southern Ocean-relevant EVs by 
outlining methodological steps for data integration, 
standardization, and quality control, ensuring con
sistency and reliability. 

-

This structured approach lays the foundation for 
a robust and scalable system that integrates Southern 
Ocean biodiversity monitoring seamlessly within global 
frameworks while addressing the unique challenges of the 
region. To ensure alignment with these efforts, workshop 
participants were encouraged to base their suggestions on 
existing frameworks, particularly leveraging GEO BON and 
GOOS work on EBVs and EOVs. 

The workshop methodology emphasizes broad commu
nity engagement to elicit a comprehensive understanding 
of needs and gaps by inviting participants from diverse 
disciplines, openly identifying and evaluating priorities, 
and maintaining a living, accessible document. This 
participatory approach has already been successfully rep
licated in a second workshop (“Essential Biodiversity Vari
ables Framework for Terrestrial Antarctic and Sub-Antarctic 
Ecosystems” held in Cambridge, UK, and online in Septem
ber 2024), which focused on Antarctica’s terrestrial 
ecosystems. For further details on the workshop out
comes, consult the full report (Plasman et al., 2025). This 
iterative, inclusive process is essential to integrate exper
tise and knowledge at every stage, ensuring that the devel
opment of  Southern Ocean-specific EVs is  both 
scientifically rigorous and operationally relevant. 

-

-
-

-

-

-
-

The focus was specifically on marine ecosystems, with 
thematic groups dedicated to sea ice, planktonic, benthic, 
and top predator systems. A fifth thematic group dedi
cated to the mesopelagic theme was planned for discus
sions, but lack of sufficient expertise and time during the 
Hobart-2023 workshop limited the extent to which this 
theme was addressed. 

-
-

This gap may reflect a broader issue in Southern Ocean 
research: despite the critical ecological role of mesopelagic 
systems (e.g., carbon sequestration), the understanding 
remains incomplete. Mesopelagic fish, which constitute 
the majority of mesopelagic biomass, are understudied, 
leaving significant gaps in the knowledge of their biodi
versity, abundance, biomass, and the processes that influ
ence their distribution, life cycles, and behavior. On 
a global scale, (meso-)pelagic ecosystems are notably 
underrepresented in marine biodiversity databases, 

-
-
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Figure 3. Framework for Essential Biodiversity Variables of the Group on Earth Observations Biodiversity 
Observing Network. This framework is structured into three hierarchical levels: Level I, with two Essential 
Biodiversity Variable (EBV) categories; Level II, with six EBV classes; and Level III, with 21 individual variables. 

highlighting a substantial knowledge gap that calls for 
increased attention and targeted research efforts.We stress 
in this paper a keen interest in receiving participation and 
inputs around this theme in future activities and rounds 
of engagement. The iterative nature of EV development 
will help address this gap progressively by enabling the 
inclusion of additional variables as new data, methodolo
gies, and priorities emerge. 

-

In reviewing EOVs, EBVs, and eEOVs, two breakout 
groups, sea ice and top predators, chose to align with the 
GOOS EOV framework. In contrast, the planktonic and 
benthic groups focused on GEO BON’s EBVs to better 
capture biodiversity-specific dynamics. Additionally, the 
benthic group explored the FOO eEOVs, emphasizing 
ecosystem-level processes. A total of 47 EO/EB (sub-)vari
ables were identified, all of which are listed and described 
in Section 4. For additional context and detailed discus
sion, readers are encouraged to consult the SOOS work
shop report “Designing Southern Ocean E(B)V workflows, 
from data collection to data products” (Plasman et al., 
2024),  which provides further background on the 
selection and relevance of these variables. To facilitate 
collaboration and iterative improvement, candidate vari
ables will be documented on a dedicated GitHub wiki 
(Biodiversity.aq, 2025). This platform will allow to propose 
enhancements, suggest additions, and contribute to refin
ing the framework, ensuring a dynamic and inclusive 
development process. 

-

-
-

-

-

3.2. Challenges in the Southern Ocean region 

Workshop participants first reviewed existing frameworks 
for Essential Variables to assess their applicability in the 
Southern Ocean. Given the environmental extremes of the 
Southern Ocean, such as presence of sea ice and its 

variability, strong winds, and low temperatures, along with 
its logistical constraints (spatially and seasonally limited 
accessibility and high operational costs) and ecosystem 
complexity (strong seasonality and regionally distinctive 
food webs), data collection presents unique challenges. 
Sampling efforts in the Southern Ocean are often more 
difficult to conduct than in other oceanic regions, requir
ing careful planning and interdisciplinary approaches. 

-

To address these challenges, participants identified 
gaps in current observing strategies and explored how 
emerging technologies could enhance data collection and 
analysis. Leveraging advancements in autonomous observ
ing systems, remote sensing, environmental DNA (eDNA), 
and machine-assisted identification, can help optimize 
monitoring efforts, enhance spatial and temporal cover
age, and supplement costly ship-based surveys. Identifying 
the most adaptable and scalable approaches is crucial for 
overcoming logistical limitations and was a key focus of 
the Hobart-2023 workshop, where participants discussed 
existing solutions, identified gaps, and explored innova
tive approaches to improve data collection and integration 
in the Southern Ocean. 

-

-

-

3.3. Scaling to include both polar systems 

Building on these discussions, participants also explored 
how defined variables might be scaled beyond the South
ern Ocean to other polar ecosystems. The framework has 
the potential to integrate both Arctic and Antarctic envir
onments, leveraging their shared climatic and ecological 
significance (e.g., Gaffey et al., 2024). By scaling the 
engagement process and integrating expertise across all 
these ecosystems, the methodology could identify shared 
challenges and knowledge gaps, such as cryosphere 
loss and biodiversity shifts,  while designing EVs to 

-

-
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region-specific needs. Extending this effort to the Arctic 
should actively involve Indigenous knowledge and right-
sholders and other key stakeholders throughout the pro
cess, as well as researchers from diverse institutions, 
disciplines, and cultural contexts. Supported by coordi
nated infrastructure, like icebreakers, satellites, and Deep 
Argo Floats, such scaling of our framework developed 
for the Southern Ocean could establish a  unified,  
infrastructure-backed toolkit for polar research. 

-

-

The structured framework provided by EVs can help 
address some of the challenges related to fragmented and 
inconsistently standardized polar data, particularly in the 
context of long-term monitoring applications. As high
lighted by Gaffey et al. (2024), while 34 major polar 
databases were listed, their accessibility and standardiza
tion vary due to differing data-sharing policies. EVs can 
address this issue by defining a core set of parameters 
needed for understanding polar ecosystems, ensuring that 
data collected across repositories are consistent and com
parable. This standardization reduces variability caused by 
differing methodologies and enables the creation of inter
operable datasets, which are essential for establishing 
informatic gateways between existing repositories. By pri
oritizing EVs, streamlined access through centralized sys
tems with consistent Application Programming Interfaces 

-

-

-

-

-
-

can be ensured, enabling cloud-based workflows and facil
itating meta-analyses and big-data studies, and align with 
successful global initiatives such as the Global Biodiversity 
Information Facility and the Barcode of Life Data System, 
which rely on standardized variables to integrate diverse 
datasets. Applicability for each polar region hinges on 
adapting the methodology to diverse governance struc
tures (e.g., the Arctic Council vs. the Antarctic Treaty Sys
tem) and cultural contexts (Gaffey et al., 2024), but 
adopting such an approach for polar research by enhanc
ing data accessibility could considerably strengthen inter
national collaborations and accelerate the advance of our 
understanding of polar ecosystems. 

-

-
-

-
-

4. Proposed Essential Variables for the 
Southern Ocean 
To provide a consolidated overview of the candidate EVs 
identified for the Southern Ocean, we present a summary 
figure (Figure 4). A comprehensive list of these candidate 
EVs, along with their associated processes, thematic 
domains, EV classifications, and justifications, is available 
in Table S1. The aim of this paper is to synthesize and 
provide an overview of the workshop discussions. As such, 
the candidate variables presented here reflect the scope 
and emphases of those discussions, and not necessarily 

Figure 4. Summary of candidate Essential Variables for the Southern Ocean. Candidate variables are grouped 
into four thematic domains: sea ice (blue), pelagic (orange), benthic (green), and top predators (purple). For the sea ice 
domain, a blue color gradient represents the level of integration of each candidate variable within existing Essential 
Ocean Variables: dark blue indicates variables already well-defined within the current EOV framework; medium blue, 
variables that require adaptation; and light blue, those that remain to be developed. Southern Ocean map taken from 
Maroni and Wilson (2022), based on Quantarctica 3.2 (Matsuoka et al., 2018), with gyre information from Vernet et al. 
(2019), Roach and Speer (2019), Nunes Vaz and Lennon (1996), and Williams et al. (2016). 
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the full range of factors known to influence Southern 
Ocean ecosystems. 

To complement the list of proposed candidate EVs, we 
also provide a synthesis of current data availability, major 
knowledge gaps, and suggested monitoring priorities 
across key ecosystem domains: sea ice, plankton, benthic 
systems, and top predators. This overview is presented in 
Table S2. 

4.1. Sea ice 

A significant portion of the cataloged variables are ECVs/ 
EOVs related to sea ice and its properties, such as sea ice 
concentration, thickness, and age. Sea ice plays a crucial 
role in numerous marine physical, chemical, and biologi
cal processes and serves as a key indicator of climate 
variability and change in the Southern Ocean (Hobbs 
et al., 2016; Steiner et al., 2021; Fraser et al., 2023; Swad
ling et al., 2023). The foundational work established by 
GOOS for sea ice was acknowledged, and the need to 
adapt many existing sub-variables to better capture the 
unique characteristics of the Southern Ocean cryosphere 
was emphasized. Sub-variables, which are components of 
an EOV, may be measured directly, derived from other 
EOVs, or inferred from different elements of the observing 
system. Organizing and adapting this existing repository 
of information could provide a robust foundation for 
advancing sea ice monitoring. Some of these EOVs will 
require additional calculations, standardization, or even 
direct observational data to become sufficiently insightful 
in the Southern Ocean context (Table S1). 

-

-

While some EOV sub-variables (see definition in 
Section 2.3) were already noted as specific to sea ice, 
others, such as pelagic EOVs, could also be measured 
within the sea ice environment (Constable et al., 2016). 
For instance, nutrient concentration and species composi
tion are relevant beyond open waters and could be 
adapted for sea ice studies. Identifying which pelagic EOV 
sub-variables should be modified for sea ice applications is 
essential, as well as which can be used without alteration 
to avoid duplication of efforts. In the case of carbon 
export, assessing the flux of ice-derived carbon may 
require multiple sub-variables and potentially new ones 
to accurately capture the distinct regional characteristics 
of sea ice. While sea ice algal and planktonic communities 
are critical to Antarctic ecosystems, their study is often 
limited by logistical challenges tied to their close associa
tion with the ice (Meiners et al., 2012; Thomas, 2017). 
Overcoming barriers such as accessibility and operational 
constraints is essential to improving our understanding of 
these understudied components of the sea ice environ
ment. For instance, under-ice remote sensing using trans
mitted radiance spectra, deployed via remotely operated 
vehicles, and potentially Biogeochemical-Argo Floats 
equipped with under-ice avoidance capabilities could pro
vide a novel perspective on sea ice ecosystems (Katlein 
et al., 2017). Additionally, leveraging marine predators as 
autonomous environmental samplers could further 
expand sampling efforts (Roquet et al., 2013; Roquet 
et al., 2014). These animals, equipped with sensors, can 
deliver direct physical and biogeochemical measurements 

-

-

-
-

-

from under-sampled regions, including beneath the ice, 
complementing traditional approaches (McMahon et al., 
2025). Such methods address logistical challenges by 
accessing areas previously difficult to study (Hindell 
et al., 2020; McMahon et al., 2021). Furthermore, leverag
ing hydroacoustic methods, such as using backscatter as 
a phytoplankton biomass/concentration proxy, and 
employing camera work with advanced image analysis 
(e.g., hyperspectral imaging) could also expedite and stan
dardize traditional methods, such as microscopy, for the 
identification of ice algal species composition (Cimoli 
et al., 2017). Studies like Cimoli et al. (2019; 2020) dem
onstrated that hyperspectral imaging can capture fine-
scale algal biomass and distribution in Antarctic sea ice, 
offering a more efficient and precise alternative to con
ventional approaches. 

-

-

-

-

To better define the sea ice ecosystem, specific compo
nents or habitats including the sea ice itself, the snow 
cover on top, the platelet layer beneath, and the leads 
(open water areas) within the ice were deemed important 
to consider during the Hobart-2023 Workshop. These ele
ments collectively shape the Southern Ocean sea ice envi
ronment, influencing algal growth, nutrient cycling, and 
habitat availability for organisms like krill and marine 
mammals. Variables may need to be adapted for each of 
these components, but not all variables will be relevant 
across all four realms. One example is ice algal biomass, 
which is highly relevant within the sea ice and platelet 
layer where algae grow, but not directly relevant for the 
snow cover or leads. This variable may need to be adapted 
based on the physical characteristics of each habitat; for 
example, in the platelet layer, it would involve assessing 
algae suspended within the interstitial spaces, whereas in 
the solid sea ice matrix, it would require sampling within 
the bottom layers where most algal production occurs. 

-

-
-

A major consideration that remains is the definition of 
the appropriate spatial resolution to measure these sea ice 
variables. While horizontal resolution is already defined 
within the sea ice ECV/EOV framework, vertical resolution 
has not yet been standardized, highlighting the need for 
the community to establish an appropriate scale for global 
application. A suggestion that vertical resolution should 
align with prevalent ice core sampling and analysis prac
tices, often conducted in approximately ten-centimeter 
increments, would ensure compatibility and coherence 
with already established methodologies. The horizontal 
resolution would benefit from being higher than that 
employed for in-water measurements, due to the strong 
spatial heterogeneity within the complex sea ice matrix. 
This more nuanced approach should have the potential to 
enhance the accuracy and granularity of collected data. 
Also recognized is that, while sea-ice-specific ECVs 
(Lavergne et al., 2022) were recently updated through the 
implementation plan of the Global Climate Observing 
System (revised every five years) and are generally cost-
effective for describing the physical properties of sea ice, 
they remain limited in their ability to capture processes 
and properties occurring at or beneath the ice bottom. 
Addressing these gaps will be crucial for improving our 
understanding of sea ice dynamics. 

-
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4.2. Plankton 

Phytoplankton forms the base of the (pelagic ice-free) 
Southern Ocean food web, and along with their zooplank
ton grazers, drive the main biogeochemical cycles. Pro
karyotic microbial communities and sea ice algae are 
also recognized as significant contributors, but they were 
not consistently discussed during the workshop, largely 
due to the expertise of participants and the framing of 
the sessions. Their limited treatment in this paper there
fore reflects the scope of the workshop rather than their 
importance in Southern Ocean biogeochemistry and food 
web dynamics. In contrast, phytoplankton and zooplank
ton were discussed in sufficient detail to warrant focused 
treatment here, and we therefore centre the following 
sections on their roles. 

-
-

-

-

Through photosynthesis, phytoplankton fuels primary 
production and the region’s biological carbon pump, 
drawing CO2 from the atmosphere and supporting marine 
life (Smetacek and Nicol, 2005). Zooplankton, including 
krill, serve as a vital link between primary producers and 
higher trophic levels, feeding fish, seabirds, and marine 
mammals (Murphy et al., 2012). Given their sensitivity to 
environmental changes, such as warming, ocean acidifica
tion, and shifts in sea ice cover, monitoring both groups is 
essential for assessing ecosystem health and predicting 
future changes (Constable et al., 2014; Swadling et al., 
2023). Changes in biogeochemical cycles, particularly 
silica availability, can significantly impact community 
composition for silica-dependent taxa, such as diatoms, 
parmales, and silicoflagellates, altering primary productiv
ity and food web dynamics. Similarly, the effects of ocean 
acidification on calcifying organisms (e.g., coccolithophor
ids, pteropods, and foraminifera) are complex, potentially 
affecting total abundance and species diversity in ways 
that require long-term, integrated monitoring efforts 
(Johnston et al., 2022). Additionally, plankton are highly 
sensitive to environmental changes, and shifts in their 
phenology, community composition, and nutritional value 
can have cascading impacts across the entire Southern 
Ocean food web (Ratnarajah et al., 2023; Swadling et al., 
2023; Queiros et al., 2024). Alterations in the timing of 
phytoplankton blooms can lead to mismatches with the 
life cycles of zooplankton grazers like Antarctic krill, 
potentially disrupting energy transfer to higher trophic 
levels such as fish, seabirds, and marine mammals (John
ston et al., 2022; Thomalla et al., 2023). Likewise, changes 
in phytoplankton community composition, such as a shift 
from diatom dominance to coccolithophores, can affect 
the nutritional quality available to zooplankton and 
higher consumers, influencing growth, reproduction, and 
overall ecosystem dynamics (Krumhardt et al., 2022; Tho
malla et al., 2023). 

-

´

-

-

-

-

A key example of long-term plankton monitoring in 
the region is the Continuous Plankton Recorder (CPR) 
program, which provides one of the most consistent bio
logical data streams available for the Southern Ocean. 
While CPR sampling is subject to some of the same logis
tical constraints as other traditional methods, such as 
limited spatial and temporal coverage and biases toward 
larger plankton, it remains an invaluable resource for 

-

-

tracking long-term trends in zooplankton abundance, 
distribution, and community composition. The Southern 
Ocean CPR (SO-CPR) database has contributed signifi
cantly to understanding plankton variability, ecosystem 
shifts, and climate-driven changes in the region. While not 
a standalone solution, CPR data can inform specific EVs, 
particularly those related to plankton community dynam
ics and phenological shifts (Zooplankton/Phytoplankton 
EOVs, Ecosystem function EBV). The data can be comple
mented by emerging approaches such as eDNA and auton
omous sampling technologies, enhancing the ability to 
monitor ecosystem changes at broader spatial and tempo
ral scales. Zooplankton and phytoplankton EOVs for bio
mass and diversity have already been established and are 
currently being updated through the GOOS process, fol
lowing their first iteration in 2016 (UNESCO IOC GOOS, 
2025a; 2025b). While those two existing EOVs offer 
a strong foundation, adapting them to the Southern 
Ocean context requires specific adjustments (Table S1). 

-

-

-
-

-
-

-

The Southern Ocean is highly seasonal, with strong 
fluctuations in sea ice extent, light availability, and pri
mary productivity shaping zooplankton communities. 
During summer, extensive phytoplankton blooms fuel 
zooplankton growth, whereas in winter, organisms rely 
on stored energy reserves or alternative food sources 
(Deppeler and Davidson, 2017). Antarctic krill, a key spe
cies of the Southern Ocean ecosystem, depends on sea ice 
both as habitat during critical life stages and as a source of 
primary production. Monitoring krill populations is there
fore essential for understanding how changes in sea ice 
affect their reproduction and larval survival. Beyond krill, 
copepods (e.g., Calanus spp.), salps (e.g., Salpa thompsoni), 
and amphipods contribute significantly to ecosystem 
functioning. Shifts in salp versus krill dominance, driven 
by climate variability, could have deep implications for 
food web structure and carbon sequestration (Krumhardt 
et al., 2022). Additionally, the mesopelagic and deep-sea 
realms, often overlooked in global monitoring programs, 
play a key role in the biological carbon pump through 
vertical migration and detrital transport. Expanding zoo-
plankton monitoring into these deeper layers will improve 
the understanding of carbon cycling and ecosystem resi
lience in a changing climate (Atherden et al., 2024). Given 
the logistical constraints of traditional sampling in the 
Southern Ocean, improving spatial and temporal coverage 
is an essential step. Large areas remain under-sampled, 
particularly beneath sea ice and in remote deep-sea basins. 

-

-

-

-

To overcome observational challenges in the Southern 
Ocean, the ongoing revision of biological EOV specifica
tion sheets presents a key opportunity to acknowledge 
and incorporate the broad range of available observing 
technologies, including tested, new, and emerging meth
ods. By integrating these advancements into the Zoo-
plankton biomass and diversity 

-

EOV, the monitoring 
capacity in remote and extreme environments such as the 
Southern Ocean can be enhanced significantly, ensuring 
more comprehensive and scalable long-term observations. 
Autonomous platforms, optical and acoustic methods, and 
molecular tools can help fill existing gaps and improve 
data resolution (Ohman et al.,  2019).  Bioacoustic 

-
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monitoring, using multi-frequency echosounders, can 
provide high-resolution estimates of krill and mesopelagic 
zooplankton biomass across broad spatial scales (Haris 
et al., 2021). Emerging eDNA approaches offer a non-
invasive method to assess zooplankton diversity and 
detect rare or cryptic species, complementing traditional 
net sampling (Yang and Zhang, 2020; Zhang et al., 2024). 
Autonomous underwater vehicles and gliders, equipped 
with imaging and environmental sensors,  enable 
continuous surveys in remote and ice-covered regions 
(Dowdeswell et al., 2008). Similarly, deep-sea observato
ries can enhance the understanding of mesopelagic and 
bathypelagic zooplankton dynamics, particularly their role 
in carbon sequestration (Claustre et  al.,  2021).  
Biogeochemical-Argo floats with zooplankton sensors pro
vide long-term, high-resolution data on biomass fluctua
tions, offering an unprecedented look at ecosystem 
variability (Haentjens et al., 2020). By integrating these 
technologies, the scientific community can improve mon
itoring, start to bridge seasonal and geographic gaps, and 
ensure that zooplankton observations in the Southern 
Ocean are both scalable and sustainable. 

-

¨

-
-

-

4.3. Benthic 

In contrast to other marine environments, where exten
sive surveys have already provided valuable data on ben
thic communities, the Southern Ocean seafloor remains 
significantly underexplored, leaving a gap in ecological 
knowledge (Brandt et al., 2014; Brasier et al., 2019; Brasier 
et al., 2021). This knowledge deficit is concerning, given 
the region’s role in global carbon cycling and its higher 
vulnerability to global change and pressures like fisheries 
and mining (Clark et al., 2015). This underrepresentation 
comes from the difficulties linked to deep-sea research. 

-
-

The Southern Ocean seafloor hosts a diverse and highly 
endemic fauna, including sponges, corals, echinoderms, 
and infaunal communities, that contribute to habitat com
plexity and ecosystem processes (Griffiths, 2010; Griffiths 
et al., 2024). These organisms are key players in carbon 
cycling, storing organic matter, and influencing sediment 
processes critical for long-term carbon sequestration in 
deep-sea environments (Barnes, 2017; Griffiths et al., 
2024). 

-

There are already EOVs addressing some benthic and 
deep-sea specificities, including “Coral” and the develop
ing “Sponge” EOV. Additionally, the Invertebrate Body Size 
EOV, developed by the Deep Ocean Observing System 
(Ruhl et al., 2023), provides a comprehensive framework 
for integrating benthic invertebrate observations across 
body-size classes, improving data availability and usability 
for ecosystem monitoring and management. For the 
Southern Ocean, incorporating a dedicated benthic EV is 
essential to overcoming challenges such as spatial hetero
geneity, seasonal variability, and logistical constraints. 
Size-based approaches, as outlined by Ruhl et al. (2023), 
could be particularly relevant for tracking benthic bio
mass, biodiversity, and carbon cycling. Expanding stan
dardized methodologies,  including eDNA, seabed 
imagery, and machine-assisted identification, would 
enhance the ability to assess ecosystem function, detect 

-

-

-
-

biodiversity shifts, and inform conservation measures such 
as Marine Protected Areas. Without dedicated EVs, the 
capacity to detect and mitigate the impacts of environ
mental change on these habitats will remain severely lim
ited. The ongoing revision of EOV specification sheets 
presents an opportunity for experts to refine existing ben
thic variables, develop new standardized approaches (e.g., 
Standard Operating Procedures) that can be deployed at 
scale, and ensure that these variables provide insights not 
only into ecosystem functioning but also for policy and 
decision-making. Aligning Southern Ocean benthic EVs 
with global efforts, such as those led by the Deep Ocean 
Observing System, would enhance integration into 
broader marine monitoring frameworks, facilitating 
long-term assessments of climate change impacts and 
human activities on benthic ecosystems (Table S1). 

-
-

-

4.4. Mesopelagic 

Addressing the mesopelagic theme was challenging, given 
the absence of a dedicated group during the Hobart-2023 
workshop, and more broadly, due to the noted global gap. 
Nonetheless, this paper stresses here the significance of 
the mesopelagic zone within the Southern Ocean ecosys
tems. The mesopelagic zone of the Southern Ocean, rang
ing from 200 m to 1000 m depth, plays a significant role 
in this ocean’s ecosystem dynamics and in global biogeo
chemical cycles (McMahon et al., 2019). This portion of the 
water column hosts a large biomass, dominated by meso
pelagic fish (particularly myctophids), alongside zooplank
ton, cephalopods, and gelatinous organisms such as salps 
(McCormack et al., 2020; Woods, 2022). These fish serve as 
key intermediaries in the food web, linking lower trophic 
levels (e.g., krill, copepods, and other zooplankton) to 
higher predators such as king penguins, Antarctic fur 
seals, and elephant seals (Catul et al., 2011; Saunders 
et al., 2019; Caccavo et al., 2021; Dornan et al., 2022). 
They provide alternative pathways of major energy and 
matter flows and may be equally or more important than 
krill-based ones, particularly in regions and/or seasons 
where krill abundance is low (Murphy et al., 2007; Dornan 
et al., 2022). 

-
-

-

-
-

Beyond their ecological role, mesopelagic fish signifi
cantly contribute to the biological carbon pump by con
suming organic matter near the surface and transporting 
carbon to deeper waters through diel vertical migrations 
(Dornan et al., 2022). They enhance the efficiency of car
bon sequestration by packaging organic material into 
fast-sinking fecal pellets and carcasses, which accelerate 
carbon export to the seabed. They connect the pelagic and 
benthic realms and thus affect benthic productivity and 
biogeochemical cycling (St. John et al., 2016; Cavan et al., 
2019; Henley et al., 2020). Their influence extends to 
global greenhouse gas sequestration, yet they remain one 
of the least studied components of Southern Ocean 
marine ecosystems (St. John et al., 2016; Henley et al., 
2020; Ljungstrom et al., 2021; Marina et al., 2024). This 
knowledge gap is primarily due to logistical challenges, 
including the remoteness, vast scale, and high spatio
temporal variability of mesopelagic organisms, which 
make direct observation and sampling difficult (Woods, 

-

¨

-

-

-
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2022). In the Southern Ocean, limited acoustic and 
trawling studies, combined with the relative inefficiency 
of existing sampling methods, have slowed efforts to map 
the distribution and abundance of mesopelagic species 
(McMahon et al., 2019). As a result, historical biomass 
estimates for these fish have varied widely, from 70 Mt 
to 191 Mt, before being revised to the current range of 
274–570 Mt (Lancraft et al., 1989; St. John et al., 2016; 
Dornan et al., 2022). Alongside the long-established Ant
arctic krill fishery, there is growing commercial interest in 
mesopelagic fish as a potential new source of aquafeed (St. 
John et al., 2016; Ljungstrom et al., 2021; Quang et al., 
2024). Recent modeling and database compilation efforts 
have improved the understanding of the circum-Antarctic 
biogeography of mesopelagic fish (Freer et al., 2020; 
Woods, 2022; Woods et al., 2023). However, significant 
limitations persist in predicting species distributions, 
including a lack of species-specific abundance and bio
mass data, failure to account for species interactions, and 
a focus on only a subset of common species (Gordó-Vila
seca et al., 2024). 

-

¨

-

-

Given their ecological and biogeochemical significance, 
as well as growing fisheries interest, improving monitor
ing efforts, and integrating mesopelagic-specific EVs is 
crucial for effective management and conservation in the 
Southern Ocean. However, current observational frame
works lack standardized metrics, making difficult the 
proper tracking of changes in abundance, distribution, 
and functional roles of mesopelagic fish, which are highly 
dynamic organisms exhibiting diel vertical migrations, 
seasonal shifts in biomass distribution, and strong envi
ronmental dependencies (Dornan et al., 2022). 

-

-

-

To improve long-term monitoring, the already existing 
GOOS fish abundance and distribution EOV and its 
sub-variables can be adapted to account for the unique 
ecological dynamics of the Southern Ocean. Standard indi
cators such as fish abundance, biomass, and size distribu
tion provide critical insights into population structures 
and ecosystem roles but require modifications to address 
challenges specific to mesopelagic species, including deep 
vertical migrations, sparse distributions, and difficulties in 
direct sampling due to their occurrence in remote and 
deep environments. Acoustic survey techniques, com
monly used to assess fish biomass, require adjustments 
to frequency ranges to better detect mesopelagic scatter
ing layers, while net sampling could be integrated with 
eDNA to validate species composition. Additionally, cali
brating biomass estimates is essential, considering the 
high lipid content of many mesopelagic fish. Among 
derived indices, size-based indicators (e.g., mean fish size, 
size spectra) could be particularly useful for tracking com
munity shifts in response to climate variability or fisheries 
pressure. Similarly, food web indicators, such as the pro
portion of predatory fish, may need refinement due to the 
complex trophic interactions of mesopelagic species, 
which frequently serve as both predators and prey in the 
Southern Ocean. Developing mesopelagic-specific sub-
variables within the Fish Abundance and Distribution EOV 
would facilitate the integration of diverse data sources 
(e.g., acoustic surveys, camera-based systems, eDNA, 

-
-

-

-

-

-

-

ecosystem modeling) and enable coordinated monitoring 
efforts across observing networks such as SOOS (Ljung
strom et al., 2021). These EVs should focus on species 
biomass, vertical distribution patterns, trophic interac
tions, and contributions to carbon sequestration, ensuring 
that mesopelagic processes are captured within broader 
Southern Ocean ecosystem assessments (Table S1). 

-
¨

-

Recognizing these needs, SCAR established a new 
working group, SCARFISH, in early 2025 to serve as a plat
form dedicated to Southern Ocean fish research. SCAR
FISH aims to enhance collaboration between the 
Convention for the Conservation of Antarctic Marine Liv
ing Resources (CCAMLR) and the broader Antarctic 
research community by facilitating data exchange, field
work coordination, and research synthesis, while also iden
tifying critical research gaps, policy initiatives, and shared 
priorities (SCARFISH, 2025). 

-
-

-

-
-

4.5. Top predators 

Top predators in the Southern Ocean, such as seals, pen
guins, and cetaceans, play a critical role in maintaining 
marine ecosystem balance (Young et al., 2015; Bestley 
et al., 2020). As apex consumers, they regulate popula
tions of lower trophic levels, including fish and krill, mak
ing them valuable indicators of ecosystem health. Their 
presence, abundance, and behavior can provide crucial 
insights into environmental change and the impacts of 
fisheries (Hazen et al., 2019; Bestley et al., 2020). 

-

-
-

Recognizing their ecological importance, the CCAMLR 
established the CCAMLR Ecosystem Monitoring Program 
(CEMP) in 1989. CEMP’s primary objectives are to detect 
and monitor changes in key marine system components 
and to differentiate between natural environmental vari
ability and the effects of fishing. To achieve this goal, 
CEMP collects data on “dependent species,” marine pre
dators whose diet consists primarily of commercially har
vested species, such as Adelie penguins (Pygoscelis adeliae) 
and Antarctic fur seals (Arctocephalus gazella; Agnew,  
1997). Some of these dependent species also serve as 
indicator species, meaning their population size, repro
ductive success, body mass, and foraging behavior can 
reflect changes in the availability of harvested prey. The 
spatial and temporal scales at which CEMP parameters 
reflect ecosystem changes vary widely. Some indicators, 
such as foraging trip durations and offspring growth rates, 
capture short-term changes occurring within days and rel
atively small spatial scales near breeding sites. In contrast, 
breeding success provides insights over months, while 
population size indicators integrate multi-annual trends, 
reflecting adult survival, condition, and juvenile recruit
ment, offering a broader perspective on ecosystem 
dynamics. 

-

´

-
-

-

-

-

Rather than developing separate EVs for top predators, 
a more effective approach is to integrate CEMP data into 
existing EV frameworks. While CEMP provides valuable 
species-specific data, EVs offer a standardized approach 
to integrating multiple data streams across ecosystems. 
Aligning CEMP parameters with relevant EVs, particularly 
within the Biological and Ecosystems EOVs, would ensure 
a more consistent and comprehensive assessment of key 
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species,  such as seals,  penguins, and killer whales, 
strengthening ecosystem-based management efforts in 
the Southern Ocean. The Marine Mammal EOV already 
includes key parameters related to abundance, distribu
tion, and demography, but some short-term ecological 
indicators, such as foraging trip durations and offspring 
growth rates, may not yet be explicitly standardized. These 
fine-scale biological metrics, well-established within 
CEMP, could be refined or included as sub-variables within 
the Marine Mammal EOV to enhance its ability to track 
ecosystem variability across multiple temporal scales. Sim
ilarly, long-term indicators such as population size, juve
nile recruitment, and survival rates are central to both 
CEMP and the Marine Mammal EOV, yet their alignment 
across monitoring frameworks could be improved. For 
example, there are differences in data collection methods: 
CEMP focuses on species-specific monitoring (e.g., track
ing Adelie penguins and fur seals in relation to krill 
availability), while the Marine Mammal EOV is designed 
for global applicability, potentially leading to inconsisten
cies in how the same metrics are measured. There are also 
variations in spatial and temporal resolution: CEMP pri
marily monitors colonial breeding species at known sites, 
whereas the Marine Mammal EOV may aim for broader 
population-scale assessments, leading to different spatial 
coverage and monitoring frequencies. Finally, there could 
be potential gaps in data integration: if population trends 
recorded in CEMP are not incorporated systematically into 
the Marine Mammal EOV, opportunities for  a more  
comprehensive, ecosystem-wide analysis may be missed 
(Table S1). 

-

´

-
-

-

-

-

5. Discussion 
5.1. Ongoing challenges and priorities for 

developing EBVs for the Southern Ocean 

A key priority is identifying the primary users and stake-
holders for Southern Ocean-specific EVs. These include 
scientists, policymakers, conservation organizations, and 
resource managers, each relying on EVs for distinct pur
poses such as research, policymaking, and ecosystem man
agement. Ensuring that EVs are both relevant and 
actionable requires a clear understanding of how these 
end-users will integrate them into their work. By aligning 
variable development with user needs, while keeping the 
outcomes of the Hobart-23 workshop in mind, the 
scientific community can better frame discussions and 
establish priorities for future efforts. 

-
-

One of the most pressing challenges is securing sus
tained funding for long-term monitoring programs. Eval
uating the impacts of environmental change requires 
continuous data acquisition, which is particularly difficult 
in the Southern Ocean, where many areas remain inacces
sible during winter (Janssen et al.,  2022).  Without 
dedicated long-term financial support, efforts to monitor 
biodiversity and ecosystem changes risk being fragmented 
or discontinued. 

-
-

-

Beyond data collection, managing and integrating EV 
data into global monitoring systems is another critical 
challenge. The interoperability, collation, and accessibility 
of EV datasets must be ensured, allowing them to be easily 

discovered and used across different platforms. The OBIS 
data products catalog, currently under development, 
could provide a structured and accessible repository for 
EV-related data, as it will be sorted according to EOV/EBV 
frameworks and variable category structures. 

Essential to increasing the impact of Southern Ocean-
specific EVs is to map their use, assess observational cov
erage, and identify gaps in data collection. Geospatial 
maps of EV coverage could be invaluable when proposing 
and designing new observing networks such as the Troll 
Observing Network and large international initiatives like 
Antarctica InSync. These efforts would support the strate
gic expansion of observation networks, ensuring that 
future programs prioritize under-sampled regions and crit
ical ecosystem processes. 

-

-

-

5.2. A Framework for Southern Ocean EVs 

Developing a robust framework for EVs suited to the 
Southern Ocean requires a structured workflow that 
ensures scientific rigor, transparency, and practical appli
cation. A critical step is assessing whether existing EVs 
already capture the necessary measurements or if they can 
be adapted to include Southern Ocean-specific observa
tions. This approach prevents redundancy and ensures 
alignment with global frameworks. Due to time con
straints, this assessment could not be fully conducted dur
ing the Hobart-23 workshop, highlighting the need for 
follow-up analyses and dedicated studies on specific EV 
subsets (e.g., mesopelagic theme). By timestamping the 
outcomes of the Hobart-23 workshop, this paper lays the 
foundation for continued refinement, providing a baseline 
upon which future studies can build. A key takeaway was 
the need for precise and unambiguous terminology when 
defining those EVs. 

-

-

-
-

There are several steps to transition from a candidate 
EV to a mature, standardized workflow. The first step is 
formal adoption, for which GOOS has outlined a detailed 
proposal procedure and criteria (OceanExpert, 2025). A 
clear scientific justification must establish the variable’s 
ecological and policy relevance while considering cost 
implications. This process often relies on voluntary expert 
contributions and can be slow, at a pace that is unafford
able given the accelerating rate of environmental change 
in the Southern Ocean. Streamlining this transition by 
prioritizing critical EVs, securing expert engagement, and 
accelerating methodological standardization is essential 
for timely operationalization. 

-

Data collection methods must be detailed explicitly, 
covering field sampling techniques, archival standards, 
and quality control protocols to guarantee reproducibility. 
Reference implementations in code are essential for 
transparent, peer-reviewed data processing, enabling 
validation, error correction, and future refinements. The 
rOpenSci community could play an important role in 
reviewing and maintaining such codes, ensuring seamless 
data processing, quality control, and interoperability. 

A critical step in this process is assigning unique iden
tifiers (e.g., DOIs, persistent metadata tags) to datasets, 
ensuring their long-term traceability and interoperability 
across research networks.  FAIR datasets should be 

-
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deposited in TRUSTed (Transparency, Responsibility, User 
focus, Sustainability, Technology) repositories such as 
Zenodo. However, with multiple existing platforms, a key 
challenge is streamlining data integration and enhancing 
cross-platform interoperability. Strengthening connec
tions between GOOS and OBIS will ensure EV-related data-
sets are efficiently catalogued and linked across systems, 
supporting seamless data discovery and long-term usabil
ity for both scientific research and policy applications. 

-

-

5.3. Ensuring usability and policy integration 

Adapting and designing EVs for the Southern Ocean is 
a critical step toward addressing key knowledge gaps and 
informing conservation strategies. A well-defined, scal
able, and adaptable EV framework will enhance the capac
ity to monitor and protect this important region in the 
face of rapid environmental change. To achieve this goal, 
international collaboration and systematic approaches 
must be prioritized to ensure that EVs contribute effec
tively to both regional and global assessments. 

-
-

-

The increasing demand for “State of the Climate”-style 
reports highlights the potential of EVs in informing policy 
and decision-making. Discussions at recent Antarctic 
Treaty Consultative Meetings and CCAMLR meetings 
underscored the growing recognition of EVs as fundamen
tal tools for assessing ecosystem health and guiding con
servation efforts.  In this context, MEASO would be 
significantly strengthened through the incorporation of 
EVs, allowing it to integrate diverse datasets (e.g., see 
McMahon et al. (2025) for an example of integrating phys
ical and biological data), improve tracking of biodiversity 
changes, and enhance its role in global reporting frame
works such as the CBD, GBF, SDGs, and the UN Ocean 
Decade. 

-
-

-

-

Essential to ensuring the success of Southern Ocean 
EVs is to rapidly engage dedicated groups that can con
duct targeted follow-up analyses and establish collabora
tive forums. For example, initiatives such as SCARFISH 
could provide a platform for refining the mesopelagic 
component of the fish EOV, ensuring that these variables 
align with broader observing frameworks while addressing 
specific ecological challenges. 

-
-

A key consideration in EV development is ensuring that 
selected variables remain scalable and applicable across 
local, regional, and global assessments. Defining EVs too 
narrowly, based on methodologies that lack broad applica
bility, risks limiting their usefulness for large-scale decision-
making. Instead, a flexible yet comprehensive set of 
variables should be established, allowing for consistent 
monitoring of status and trends across multiple spatial and 
temporal scales. Rather than developing entirely new EVs 
for mesopelagic ecosystems in the Southern Ocean, a more 
effective strategy can be to integrate mesopelagic-specific 
elements into existing EOVs, in alignment with GOOS prin
ciples. Engaging with the Biology and Ecosystems expert 
panel of GOOS will be crucial in ensuring that these mod
ifications remain aligned with international efforts while 
being practical for Southern Ocean implementation. 

-

-

-

Ultimately, the successful development and implemen
tation of Southern Ocean EVs will rely on open data 

-

access, collaborative research, and the transformation of 
raw data into user-friendly products that support 
informed decision-making, as well as their alignment with 
international initiatives such as GOOS and SCAR, ensuring 
coherent integration into global monitoring and decision-
making processes (Van de Putte et al., 2021). 

6. Conclusion 
The Southern Ocean’s significant role in global climate 
regulation and biodiversity underscores the urgent need 
for a robust monitoring framework to address accelerating 
environmental changes and human pressures. This paper, 
building on the Hobart-2023 workshop, advances the 
development of Southern Ocean-specific EVs as a critical 
tool to bridge data gaps, standardize observations, and 
deliver actionable insights for conservation and manage
ment. By proposing tailored EVs for sea ice, planktonic, 
benthic, and top predator systems, the scientific commu
nity can address the region’s unique ecological dynamics 
while ensuring alignment with global frameworks such as 
GOOS. These EVs enhance the capacity to track biodiver
sity trends, assess ecosystem health, and inform policy, 
thus having the potential to strengthen initiatives like 
MEASO and contribute to international goals (e.g., SDGs, 
GBF). However, success hinges on overcoming challenges: 
securing sustained funding, enhancing data interoperabil
ity, and rapidly operationalizing EVs through collabora
tive, open-access efforts. We, the authors, call on the 
scientific and conservation communities to refine and 
implement this adaptable framework, ensuring it remains 
scalable across local-to-global scales and responsive to 
stakeholder needs. By transforming fragmented data into 
a cohesive, policy-relevant system, Southern Ocean EVs 
can help safeguard this vital ecosystem and elevate its 
priority in global sustainability efforts. 

-

-

-

-
-
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