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Carbon dioxide removal (CDR) is gaining recognition as a necessary action to prevent some of the most
severe effects of climate change due to greenhouse gas emissions. CDR technologies can leverage
technological pathways to capture or convert carbon dioxide (CO ), or biological pathways that rely on
photosynthesis to �x CO  into other forms of carbon. CO  is present in and can be removed from either
the air or the ocean to satisfy CDR goals. Marine CDR (mCDR) refers to the removal of CO  from
anthropogenic activities that has dissolved into the ocean.

Excess CO  in the ocean lowers the pH of the seawater, resulting in ocean acidi�cation, which can
reduce calci�cation rates in shell-building organisms and corals, with far-reaching negative
environmental and economic consequences (https://doi.org/10.3389/fmars.2019.00322).

In addition to restoration or preservation of natural blue carbon ecosystems like tidal marshes,
seagrass meadows, mangrove forests and others, many mCDR methods – such as electrochemical
methods, alkalinity enhancement, enhanced weathering, aquaculture and more – are being explored to
mitigate the effects of climate change and ocean acidi�cation.

The use of macroalgae cultivation to capture carbon through photosynthesis and sequester it in the
deep ocean, sediments, or long-lived products is a promising and priority mCDR strategy, with relatively
low costs and high potential for social and environmental co-bene�ts. However, there are signi�cant
challenges to measuring carbon capture and permanence of sequestration
(https://doi.org/10.1080/26388081.2022.2081934) in macroalgae. The actual potential of large-scale
macroalgae cultivation (https://doi.org/10.1038/ngeo2790) for carbon sequestration purposes is still
unknown, especially considering variability between species, future changes in climate and biophysical
limits to growth.

Authors reviewed and identi�ed methods for monitoring carbon
uptake and permanence in various contexts and discussed the
possible opportunities and limitations as applied to cultivated
macroalgae. Photo of seaweed farms by Hassan Abdel-Rahman, via
Wikimedia Commons.
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(http://www.choicegroup.in/canning)

At present there are no established monitoring, reporting, and veri�cation (MRV
(https://doi.org/10.3389/fmars.2022.966304)) protocols for assessing carbon capture and
sequestration in macroalgae products or end uses. To understand the potential of macroalgae
aquaculture as a mCDR strategy, it will be important to understand both the quantity of carbon
captured (“uptake”) and the duration that the carbon will be sequestered (“permanence”), considering
interactions across the carbon cycle and life cycle of a product instead of assuming permanent
sequestration (https://doi.org/10.1111/jpy.13251) without su�cient data.

This article – adapted and summarized from the original publication
(https://doi.org/10.3390/jmse11010175) (Rose, D.J. and L.G. Hemery. 2023. Methods for Measuring
Carbon Dioxide Uptake and Permanence: Review and Implications for Macroalgae Aquaculture. J. Mar.
Sci. Eng. 2023, 11(1), 175) – reviews methods for monitoring CO  capture and sequestration across a
variety of applications in various settings to identify potential applicability for macroalgae CDR
monitoring and carbon accounting.

Study setup
This review conducted a structured literature search using Web of Science with the following keywords:
“marine carbon dioxide removal” OR “ocean carbon dioxide removal” OR “ocean-based carbon” OR
“carbon monitoring” OR “ocean deacidi�cation” OR “blue carbon sink” OR “ocean carbon sequestration”
OR “marine carbon sequestration”; and another search for “kelp” OR “seaweed” OR “macroalgae” (All
Fields) AND “carbon dioxide” OR “carbon sequestration” OR “blue carbon” (All Fields) and “monitor” OR
“measure” OR “assess” OR “evaluate” OR “method” (All Fields).

A total of 1,008 search results were returned and reviewed by a single person for relevance, out of which
479 were retained after review of title and removal of duplicates, and 382 remained after review of
abstracts (complete collection available on request). A total of 382 papers were retained in the review
that included information on monitoring carbon across a variety of CDR methods and contexts.

Monitoring methods ranged from simple sensors (for pH, dissolved inorganic, or organic carbon and
sampling routines to complex models coupled with remotely sensed data). Methods can be grouped
into three general categories of application: monitoring carbon uptake, methods for monitoring carbon
permanence and comprehensive frameworks for analyzing carbon capture.

For detailed information on the survey, data collection and analysis, refer to the original publication.
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Limitations of existing methods and applicability to
macroalgae aquaculture
Numerous methods exist for measuring the carbon uptake in macroalgae, so the choice of tools for
monitoring CDR at a farm depends more on costs, access, and harvest practices. Remote sensing
(https://doi.org/10.1016/j.gecco.2019.e00683) via satellite or aerial vehicles has been used more for
species identi�cation or basic areal mapping, without taking a next step to carbon assessment, though
estimations could be applied.

Physical sampling methods vary greatly in terms of cost and design to estimate carbon uptake,
especially if underwater work is required at depth. However, for cultivated macroalgae, it is easy to
predict carbon content in a harvest based on modeled estimates of biomass, which can then be
con�rmed by weighing at harvest.

This Maine company thinks kelp buoys
and oyster farming can save the ocean
through carbon capture and sequestration

Maine-based Running Tide uses carbon-capture and oyster farming
techniques – using both low and high technology – to restore ocean
health.

Global Seafood Alliance
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Like other blue carbon habitats, macroalgae serve at least as a short-term CO  sink, �xing more carbon
than is respired over a growing season. However, for the carbon in macroalgae to be permanently
sequestered, it must be exported to anaerobic sediments, calci�ed (coralline macroalgae only), sunk
(either deliberately or naturally), or converted to a long-lived carbon-containing product
(http://oceanvisions.�ywheelsites.com/roadmaps/macroalgae-cultivation-carbon-sequestration/).

Many products can be made from harvested macroalgae, including biofuels, textiles, building materials,
food, fertilizer and more, but assessment of permanence requires consideration of the entire life cycle
of the product and its carbon composition (https://doi.org/10.1111/jpy.13251). At present, the
permanence of carbon in macroalgae is assessed by sampling sediments under macroalgae
aquaculture farms to estimate the fraction of carbon exported to the deep sea, and emerging
combination methods for eDNA and isotopic analyses are promising to trace carbon �ows and
estimate sequestration on the sea�oor. However, these methods only represent the carbon sequestered
throughout the natural life cycle and exclude harvested product potential.

Comprehensive frameworks identi�ed in the literature review attempt to assess the uptake and
permanence of carbon in products and ecosystems, but they fall short in many cases. Life Cycle
Assessments (LCAs) often de�ne system boundaries to exclude end-of-life scenarios and are not
designed to track carbon. As it is only one piece of a larger assessment, the carbon captured in
macroalgae in the cultivation phase is represented simplistically, not clearly reported, or ignored on the
assumption that all carbon captured will be released back into the atmosphere
(https://doi.org/10.1016/j.jclepro.2021.127301) at the end of the product life.   

Methods for valuing temporary storage

Fig. 1: Simpli�ed overview of the di�culties of assessing carbon
permanence at macroalgae farms due to multiple connected carbon
cycles, including carbon dioxide and dissolved organic carbon (DOC).
Arrows represent the �ow of carbon (in various states) throughout
the life cycle of cultivated macroalgae. Adapted from the original.
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While permanent carbon removal is considered the highest value storage and durability is a key
consideration in carbon credit markets, and is required for some corporate net-zero standards, many
studies have highlighted the value of temporary carbon storage as it relates to mitigating climate
impacts to increase the options available for offset purchases
(https://doi.org/10.1016/j.forpol.2022.102840).

This could be an excellent arena for cultivated macroalgae, considering the life span of macroalgae
while they are growing at a farm, the fraction that has demonstrated permanent sequestration in export
to deep sea sediments, and the carbon transformed into products following harvest. Blue carbon
trading markets are still merely hypothetical and understanding possibilities for a variety of sale
methods and pricing structures will be needed to move toward the realities of adoption for cultivated
macroalgae.

Matthews et al.  (https://doi.org/10.1038/s43247-022-00391-z)explore the climate effects of nature-
based solutions (speci�cally, land-based storage due to reforestation). Through a modeling approach,
they found that temporary carbon storage could decrease the magnitude of global temperature
increases when deployed on a large enough scale (on the order of 10.4 Gt CO  per year) and coupled
with ambitious emission reductions. This shows that carbon removal alone is not enough, but even
semi-permanent approaches could add up to signi�cant bene�t. In addition, several other methods for
valuing temporary carbon storage and for accounting for temporary carbon storage in LCAs of products
have emerged in the literature.

In all these options for valuing the temporary storage of carbon in macroalgae, it should be emphasized
that temporary storage (https://doi.org/10.5194/esd-13-1641-2022) alone is not enough to mitigate
the effects of climate change. Rapid decarbonization and emissions reductions are necessary
alongside a variety of carbon removal methods to prevent further negative effects of global climate
change due to decades of unchecked anthropogenic emissions. Realistic, rigorous assessment of the
potential for macroalgae to contribute to either permanent or temporary carbon removals is needed to
avoid the sale of questionable carbon credits that do not represent real outcomes.

Considering non-carbon bene�ts of macroalgae
aquaculture
While the carbon capture and sequestration potential of macroalgae is a key focus of this review, there
are many additional bene�ts (https://doi.org/10.1007/s00477-019-01685-z) provided through
cultivation that should be noted.

Kelp farms believed to help reduce coastal
marine pollution

The water-filtering abilities of kelp farms could help reduce marine
pollution in coastal areas, according to a new study.

Global Seafood Alliance
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Macroalgae remove nitrogen and phosphorous from the water, provide habitat functions (even in
cultivated longlines), protect other cultivated or naturally occurring species from ocean acidi�cation,
and can generate valuable products that support coastal communities, including food, and could even
have further carbon sequestration bene�ts (e.g., biochar (https://doi.org/10.1002/ghg.1319) as a soil
amendment or bioenergy with carbon capture and storage). Switching from �shing pressure to
macroalgae farming can help restore ecosystems, retain traditional values, and increase gender equity
in the ocean food industry.

In some cases, monitoring carbon uptake and permanence at macroalgae farms could go together with
monitoring additional environmental impacts or bene�ts. In particular, ecosystem services assessment
is one way to identify and assess both the carbon value
(https://doi.org/10.1371/journal.pone.0252463) and these additional values. Life Cycle Assessments
can also be applied to assess additional impacts as well as bene�ts in the processing or product
phases, for example, nitrogen and phosphorus are often already considered in metrics for
eutrophication.

Several private companies already have efforts underway to explore the possibility of sinking large
quantities of kelp or seaweeds for the purposes of carbon sequestration. Sinking is just one of many
uses for cultivated macroalgae, and many other products or uses could contribute to carbon removal
efforts with additional co-bene�ts. Or simply restoring natural marine ecosystems is another approach
to be explored, mirroring terrestrial restoration efforts that currently have MRV protocols and for which
carbon credits can be issued. Long-lived products made from macroalgae, such as building materials,
extracts like alginate that can be used in cement, and textiles could also sequester carbon on
signi�cantly permanent time scales, while generating pro�ts.

Considering the costs and feasibility of these options is an emerging area of research that will become
increasingly relevant in terms of voluntary or involuntary carbon markets. The further development of
methodologies for assessing the potential of these alternative efforts is needed to minimize cost and
maximize the overall value that can be gained from farming the ocean to remove CO , as part of global
efforts to develop and deploy innovative climate solutions.

Perspectives
In this review, we identify methods for monitoring carbon uptake and permanence in various contexts
and discuss the possible opportunities and limitations as applied to cultivated macroalgae. Monitoring
carbon uptake is necessary to understand the quantity of carbon removed from the marine environment
while monitoring carbon permanence is needed to understand the duration of the carbon removed to
assess the resulting effect on the global carbon cycle and ultimately climate change mitigation.

While numerous methods exist and are utilized to measure carbon in the ocean and on land, the
research community has yet to coalesce around a uni�ed approach or set of methods. There is a clear
need to continue to pursue and test novel methods of tracing the �ow of carbon in macroalgae
systems, learn from other contexts, combine multiple methods, and leverage existing frameworks and
tools to move toward a comprehensive understanding. In particular, methods to assess the permanence
of carbon in the natural life cycle of macroalgae and the permanence in products following harvest
need to be more fully developed.

Although it is clearly documented that macroalgae have many co-bene�ts in addition to carbon
sequestration, this review reveals that there are many unknowns when it comes to assessing the
permanence or climate mitigation potential of the captured carbon. Until the carbon sequestration
potential of cultivated macroalgae is fully documented and veri�ed, the research community would be
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remiss to promise climate bene�ts or sell carbon credits. As this is an active area of research, with
many high-pro�le organizations involved globally, it will be important to realistically assess the carbon
bene�ts from macroalgae cultivation to maintain accountability and comparability with other CDR
methods.

The full bene�ts of macroalgae cultivation as an effective climate solution will only be achieved
through collaborative research between private industry, governments, and academia to develop
monitoring, reporting, and veri�cation standards in addition to thorough methods for realistically
assessing carbon uptake and permanence.
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