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Introduction

The increasing global demand for critical minerals such as cobalt,
nickel, copper, and rare earth elements has turned attention toward
the largely untapped resource deposits on the deep ocean floor. Deep
sea mining (DSM), especially targeting polymetallic nodules, seafloor
massive sulfides, and cobalt-rich crusts, presents both economic
promise and significant environmental concerns. However, a major
barrier to responsibly advancing DSM is the substantial scientific
uncertainty surrounding its environmental impacts [1]. Deep ocean
ecosystems, particularly abyssal plains and hydrothermal vent fields,
remain among the least understood environments on Earth. The lack
of comprehensive baseline data, the complexity of deep-sea ecosystems,
and the novel nature of mining activities at these depths make accurate
impact predictions extremely challenging. This article explores the
dimensions and implications of scientific uncertainty in DSM, analyzing
its sources, potential risks, and strategies for addressing uncertainty in
the decision-making process [2].

Brief Description

Scientific uncertainty in the context of DSM refers to the limitations
in current knowledge and predictive capabilities concerning the
environmental effects of mining activities in deep-sea environments.
These uncertainties stem from a variety of factors, including incomplete
baseline ecological data, unpredictable ecological responses, difficulties
in simulating deep-sea conditions, and limited field experiments. The
consequences of underestimating or misjudging these impacts could
be irreversible, leading to long-term biodiversity loss, disruption
of ecological functions, and alteration of biogeochemical cycles.
Recognizing and addressing this uncertainty is critical for developing
robust environmental management frameworks and applying the
precautionary principle in the regulation of DSM activities [3].

Discussion

Understanding the deep sea environment

The deep sea, defined as ocean depths below 200 meters,
encompasses vast and varied ecosystems including abyssal plains,
hadal trenches, seamounts, and hydrothermal vent systems. These
environments are characterized by extreme pressure, low temperatures,
limited light, and slow biological processes.

Low productivity and slow recovery: Deep-sea species often
exhibit slow growth rates, late maturity, and limited dispersal
capabilities, making them highly vulnerable to disturbance.

High biodiversity and endemism: Recent research has revealed
unexpectedly high species diversity and endemism, particularly around

vent systems and nodule fields [4].

Despite these insights, the vastness and remoteness of the deep sea
mean that only a small fraction has been scientifically surveyed, leaving
large gaps in understanding ecosystem functions and interconnections.

Sources of scientific uncertainty

Uncertainty in DSM impact predictions arises from several
interrelated sources:

Baseline Data Deficiency: Insufficient ecological, geological,
and chemical data for proposed mining sites impedes accurate risk
assessment.

Variability and Complexity: Natural variability in species
distribution and environmental conditions complicates generalizations
and model development.

Technological Limitations: Current technologies for deep-sea
monitoring, sampling, and impact simulation are still developing and
often lack precision.

Novelty of Mining Activities: As no commercial-scale deep sea
mines are currently operational, there is limited empirical evidence of
long-term ecological impacts [5].

Cumulative and Synergistic Effects: Interactions between mining
impacts and other stressors, such as climate change and pollution, are
poorly understood.

Key Environmental Concerns

Scientific uncertainty affects predictions regarding several core
environmental risks:

Sediment Plumes: Mining can generate plumes that spread
suspended sediments and pollutants over large areas, potentially
smothering benthic communities and affecting filter feeders.

Biodiversity Loss: Habitat removal and disturbance may lead to
the extinction of undiscovered or endemic species, with unknown
repercussions on ecosystem services [6].

Nutrient Cycling Disruption: DSM could alter carbon
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sequestration and nutrient recycling functions critical to global
biogeochemical processes.

Noise and Light Pollution: Operation of remotely operated
vehicles (ROVs) and extraction equipment may disturb deep-sea
organisms sensitive to light and sound.

Modeling and Predictive Challenges

Predictive modeling is essential for anticipating DSM impacts, but
several limitations persist:

Data-Poor Models: Many models rely on sparse or surrogate data,
reducing reliability.

Scale Issues: Models often cannot adequately represent spatial and
temporal scales of mining impacts.

Ecosystem Complexity: Interdependencies and feedback loops
within deep-sea ecosystems are difficult to capture. These limitations
lead to wide uncertainty ranges in model outputs, complicating
regulatory decisions [7].

Environmental Impact Assessments (EIAs) and Strategic En-
vironmental Assessments (SEAs)

EIAs are a primary tool for evaluating the potential effects of
DSM projects. However, their effectiveness is constrained by scientific
uncertainty:

Limited Historical Baselines: Lack of long-term data undermines
the ability to detect changes.

Poor Representation of Natural Variability: One-off surveys may
not capture ecological fluctuations.

Uncertain Mitigation Effectiveness: Proposed mitigation
measures often lack evidence of efficacy in deep-sea conditions.

SEAs, which evaluate cumulative and regional effects, may offer a
broader framework but face similar data and modeling limitations.

Addressing Scientific Uncertainty: The Precautionary Prin-
ciple

Given the high stakes and knowledge gaps, the precautionary
principle is widely advocated for DSM governance. It calls for:

Delaying Exploitation: Until sufficient scientific understanding is
attained.

Adaptive Management: Allowing for course corrections as new
information becomes available.

Conservation First Approach: Prioritizing the protection of
vulnerable marine ecosystems.

The International Seabed Authority (ISA) has adopted
precautionary guidelines, but implementation varies and enforcement
remains a challenge.

Enhancing Scientific Knowledge and Monitoring

To reduce uncertainty, sustained investment in deep-sea research
and monitoring is crucial:

Long-Term Baseline Studies: Multi-year data collection on
biodiversity, sediment dynamics, and ecosystem processes.

Standardized Monitoring Protocols: Harmonized methods for
sampling and data reporting.

Publicly Accessible Databases: Open data sharing among
researchers, regulators, and stakeholders.

Pre- and Post-Mining Observatories: Dedicated sites for long-
term impact assessment.

International collaboration and funding support are key to building
the knowledge base needed for informed decision-making [8].

Technological Innovations for Assessment and Monitoring

New technologies offer potential to improve predictive accuracy
and monitoring effectiveness:

Autonomous Underwater Vehicles (AUVs): Provide high-
resolution mapping and long-duration surveys.

Environmental DNA (eDNA): Enables non-invasive biodiversity
assessments.

Machine Learning Algorithms: Enhance pattern recognition and
predictive analytics.

Real-Time Monitoring Systems: Offer immediate feedback during
mining operations.

Integrating these tools can strengthen adaptive management
frameworks and reduce reliance on assumptions.

Ethical and Governance Considerations
Scientific uncertainty also raises ethical and governance questions:

Intergenerational Equity: Uncertain long-term impacts may
impose costs on future generations.

Stakeholder Inclusion: Marginalized communities and indigenous
voices often lack representation in DSM deliberations.

Transparency and Accountability: Decisions under uncertainty
must be justified and publicly accessible [9].

Strengthening governance structures to address these concerns is
essential for responsible DSM development.

Case Study: The Clarion-Clipperton Zone (CCZ)

The CCZ in the Pacific Ocean is the most explored region for
polymetallic nodule mining. It illustrates key uncertainty challenges:

High Biodiversity: Recent surveys have identified hundreds of
previously unknown species.

Limited Baseline Data: Despite ongoing research, significant data
gaps remain.

Experimental Mining Trials: Planned pilot projects aim to assess
impact, but long-term effects are still speculative.

The CCZ highlights the urgent need for comprehensive, region-
wide studies before granting commercial mining licenses [10].

Conclusion

Scientific uncertainty is a defining characteristic of deep sea mining
impact predictions. From insufficient baseline data to the complexity of
deep-sea ecosystems and limitations of current models, our ability to
accurately forecast the consequences of DSM remains constrained. This
uncertainty poses significant risks to biodiversity, ecosystem functions,
and long-term ocean health.

However, uncertainty should not justify inaction or indiscriminate
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exploitation. Rather, it necessitates a cautious, science-based approach
rooted in the precautionary principle. Strengthening environmental
assessments, enhancing monitoring  capabilities, advancing
technological tools, and fostering inclusive governance are essential
steps in responsibly navigating the path forward.

As humanity ventures into the final frontier of ocean resource
extraction, the imperative is clear: we must invest in understanding the
deep sea before we alter it irreversibly. Only through a commitment to
scientific rigor, environmental stewardship, and ethical responsibility
can we ensure that deep sea mining, if pursued, proceeds in harmony
with the planet’s most enigmatic and fragile ecosystems.

References

1. CSA (2022) Agricultural Sample Survey, Volume Il report on livestock and
livestock characteristics (private peasant holdings). Central Statistical Agency
(CSA): Addis Ababa, Ethiopia.

2. FAO (2010) Chicken genetic resources used in smallholder production systems
and opportunities for their development. FAO Smallholder Poultry Production
Paper NO. 5.

3. Solomon D (2007) Suitability of hay box brooding technology to the rural

household poultry production system. Inter J Res Sust Develop World Agri
CIPAV, Cali, Colombia.

Biazen A, Mengistu U, Negassi A, Getenet A, Solomon A, et al. (2019b) FAO
Poultry Sector Ethiopia, Animal Production and Health Livestock Country
Reviews. No. 11. Rome.

Shapiro Bl, Gebru G, Desta S, Negassa A, Nigussie K, et al. (2015) Ethiopia
livestock master plan. ILRI Project Report. Inter Live Res Inst (ILRI).

CSA (2020) Agricultural Sample Survey Volume Il report on livestock and
livestock characteristics (private peasant holdings). Central Statistical Agency
(CSA): Addis Ababa, Ethiopia.

Kumsa B, Beyecha K, Geloye M (2008) Ectoparasites of sheep in three agro-
ecological zones in central Oromia, Ethiopia. Onderstepoort J Vet Res 79: 1-7.

Fitsum M, Aliy M (2014) Poultry Production System and Role of Poultry
Production in Tigray Region, Northern Ethiopia: A Review. J Biol Agri Healthc
4:27.

Solomon D (2007) Suitability of hay box brooding technology to the rural
household poultry production system. Inter J Res Sust Develop World Agri
CIPAV, Cali, Colombia.

. CSA (2022) Agricultural Sample Survey, Volume Il report on livestock and

livestock characteristics (private peasant holdings). Central Statistical Agency
(CSA): Addis Ababa, Ethiopia.

J Fisheries Livest Prod, an open access journal
ISSN: 2332-2608

Volume 13 « Issue 4 + 1000647


https://searchworks.stanford.edu/view/6509594
https://searchworks.stanford.edu/view/6509594
https://www.fao.org/publications/card/en/c/43fd958d-1698-59af-8d1b
https://www.fao.org/publications/card/en/c/43fd958d-1698-59af-8d1b
https://lrrd.cipav.org.co/lrrd19/1/deme19003.htm
https://lrrd.cipav.org.co/lrrd19/1/deme19003.htm
https://www.scirp.org/%28S%28vtj3fa45qm1ean45vvffcz55%29%29/reference/referencespapers.aspx?referenceid=2913565
https://www.scirp.org/%28S%28vtj3fa45qm1ean45vvffcz55%29%29/reference/referencespapers.aspx?referenceid=2913565
https://www.scirp.org/%28S%28vtj3fa45qm1ean45vvffcz55%29%29/reference/referencespapers.aspx?referenceid=2913565
https://cgspace.cgiar.org/bitstream/handle/10568/68037/lmp_roadmaps.pdf
https://cgspace.cgiar.org/bitstream/handle/10568/68037/lmp_roadmaps.pdf
https://www.scirp.org/(S(lz5mqp453edsnp55rrgjct55.))/reference/referencespapers.aspx?referenceid=3158078
https://www.scirp.org/(S(lz5mqp453edsnp55rrgjct55.))/reference/referencespapers.aspx?referenceid=3158078
https://journals.co.za/doi/abs/10.10520/EJC129094
https://journals.co.za/doi/abs/10.10520/EJC129094
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=9a96636c15966d4c1c0986bf7389082e0d84f46a
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=9a96636c15966d4c1c0986bf7389082e0d84f46a
https://lrrd.cipav.org.co/lrrd19/1/deme19003.htm
https://lrrd.cipav.org.co/lrrd19/1/deme19003.htm
https://searchworks.stanford.edu/view/6509594
https://searchworks.stanford.edu/view/6509594

	Corresponding author

