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Kōrero whakataki
Introduction 

Aotearoa New Zealand is increasingly being 
affected by climate change, a consequence 
of rising average global temperatures due to 
human-caused increases in carbon dioxide 
(CO

2
) and other greenhouse gases in the 

atmosphere (1). To mitigate the extremes of 
climate change, Aotearoa New Zealand is 
part of a global effort to reduce the rate of 
greenhouse gas emissions (largely CO

2
) into 

the atmosphere. Globally, and in Aotearoa 
New Zealand, there is also increasing focus 
on taking action to remove greenhouse gases 
already in the atmosphere.

There are many international agreements 
and initiatives designed to reduce emissions 
(discussed elsewhere), but strategies for 
removal are less well-developed. Most 
initiatives have focused on terrestrial carbon 
storage, such as planting more forests 
to remove CO

2
 from the atmosphere or 

underground storage of CO
2
. However, there 

has been less focus on the potential of the 
ocean to capture and store CO

2
. 

While oceans naturally absorb up to 30 
percent of the CO

2
 emissions caused by 

human activities (2), there is interest in human-
driven methods to increase this uptake. These 
methods are termed marine Carbon Dioxide 
Removal (mCDR). 

mCDR encompasses a range of techniques, 
from biological methods involving seaweed 
cultivation, adding nutrients, and marine 
ecosystem recovery, to physical or chemical 
approaches, such as altering ocean alkalinity 
(3). mCDR techniques are still under 
development, with research and small-
scale trials happening around the world to 
determine if they successfully remove and 
store meaningful amounts of CO

2
 and what 

impacts they may have on complex ocean 
systems. It is important to note, though, that 
CO

2
 removal cannot substitute for emissions 

reductions; it will never be sufficient on its own 
to address climate change (4).

It is also not yet clear if mCDR techniques 
would be feasible in Aotearoa New Zealand; 
each has unique social, environmental, and 
economic impacts that need to be understood 
if they are to become part of our future climate 
change mitigation strategies. 

With this publication, the Royal Society 
Te Apārangi aims to help people better 
understand marine carbon dioxide removal 
techniques, their relevance to New Zealand’s 
unique environment, and the issues associated 
with these approaches – so communities can 
make informed decisions about the future of 
our oceans.

https://forum.oceandecade.org/page/disclaimer
https://forum.oceandecade.org/page/disclaimer
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He aha i tika ai kia unuhia te 
hauhā?
Why should we remove carbon 
dioxide?

CO
2
 is a gas that is naturally present in our 

atmosphere. It is released into the air through 
both geological and biological processes (such 
as volcanic activity, respiration, and organic 
matter decomposition) (3) and is an essential 
requirement for processes such as plant 
photosynthesis and growth.

CO
2
 in Earth’s atmosphere absorbs heat 

radiating from the planet’s surface and 
prevents this heat from being emitted into 
space, instead trapping it in the atmosphere 
(5,6). This natural process, known as the 
greenhouse effect (5), maintains Earth’s 
average surface temperature, currently at 
around 15°C (6).

Human activities such as the burning of fossil 
fuels (coal, oil, and gas) and deforestation (7) 
have resulted in an increase in CO

2
 from about 

280 ppm (parts per million) in pre-industrial 
times to about 420 ppm in the atmosphere 
today (8). While atmospheric CO

2
 has varied 

significantly (with average temperatures) over 
Earth’s history, these pre-historical changes 
occurred over vast geological timescales. The 
rapid increase in atmospheric CO

2
 since the 

industrial revolution is unprecedented in the 
last 800,000 years and potentially the last 3 

million years (9). This is a problem because 
CO

2
 is a greenhouse gas that has caused 

global average temperature to rise by 1.2°C 
or greater since modern records began (10)1. 
This seemingly small increase has already 
had serious impacts on both humans and the 
environment that include sea level rise (12) and 
increased frequency and intensity of severe 
weather events (eg, storms, heavy rainfall, 
extreme heat), wildfires and droughts (12). 
Furthermore, these impacts are forecast to 
escalate as atmospheric CO

2
 concentrations – 

and global average temperature – continue to 
climb (13–15).

1.  According to the latest 10-year period (11); calculations 
differ. Individual years have been hotter; NASA reports that 
2024 was 1.47°C warmer than pre-industrial averages (10), 
but temperatures have to be consistently at an elevated 
level over a 10–20 year period before an average is 
officially altered (11).

FIGURE 1 | Atmospheric CO
2
 has varied naturally over the last 800,000 years (length of ice core 

records), but it has never been higher than it is today (2,3).
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BOX 1 | The Carbon Cycle

The carbon atoms in CO
2
 molecules are converted to different forms (captured or ‘fixed’) by 

biological, physical and geological processes which result in them being stored (or sequestered) for 
variable lengths of time before release back into the atmosphere as CO

2
. Carbon reservoirs include 

the atmosphere, the terrestrial biosphere (organisms living on land), the hydrosphere (oceans), and 
the geosphere (Earth’s mantle and crust) (16). Processes that remove CO

2
 from the atmosphere 

are known as carbon sinks, while those that release CO
2
 into the atmosphere are sources. This 

movement of carbon is called the carbon cycle, which occurs at both fast and slow timescales.

•	 The slow carbon cycle operates over thousands to millions of years, primarily through 
geological processes such as volcanic activity, rock weathering, and the formation and burial of 
carbonate minerals (17). Most of Earth’s carbon is stored in sedimentary rock (18).

•	 The fast carbon cycle (also known as the biological carbon cycle) operates over timescales 
ranging from minutes to centuries through biological, physical and chemical interactions 
between the biosphere, atmosphere, and ocean (19).

	- In the ocean: Atmosphere-biosphere carbon exchange by plants, algae, and phytoplankton 
is a major component of the fast carbon cycle (19). When atmospheric CO

2
 dissolves 

in surface waters, these organisms convert the dissolved CO
2
 into organic matter via 

photosynthesis and release some of this carbon back to the atmosphere through respiration 
and decomposition. When the organisms die, a small proportion of this carbon sinks into the 
deep ocean and is buried in marine sediments (19). Gas exchange at the ocean surface also 
occurs via physical mixing and temperature changes.

	- On land: Natural or anthropogenic burning and decomposition of organic matter releases 
CO

2
 (16). 

The burning of fossil fuels represents the redistribution of carbon from the slow carbon cycle 
to the fast cycle by a rapid transfer from geological reservoirs (such as coal, oil, and gas) to the 
atmosphere, and is a human-induced alteration of the natural carbon cycle (4).

FIGURE 2 | The fast carbon 
cycle in the ocean involves 
biological and physical 
processes.
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Te whakamauru i ngā pānga o 
te huringa āhuarangi
Mitigating the impacts of 
climate change

Climate change is increasingly seen as a global 
emergency (1,4,20,21). Greenhouse gas-
induced increases in global temperatures are 
stressing ecosystems and societies (4). The 
consequences of climate inaction are likely to 
be severe and to be felt within our lifetimes, 
negatively affecting biodiversity, water and 
food security, the economy, community 
resilience and safety, indigenous practices, 
and many other factors critical for human 
wellbeing for generations to come (4). Urgent 
and sustained reductions in greenhouse 
gas emissions are needed to mitigate these 
impacts (4).

Global and domestic initiatives

Aotearoa New Zealand is a party to the 2015 
Paris Agreement (22,23) – a legally binding 
international treaty with the principal goal 
of limiting global average warming to below 
2°C, with efforts to restrict warming to 1.5°C 
(22). This means New Zealand is obligated 
to help reach internationally agreed targets 
by implementing actions that reduce the 
country’s emissions of CO

2
 and other 

greenhouse gases. 

Each of the Paris Agreement’s signatory 
nations communicates the actions they 
will take to limit emissions – as well as to 
adapt and build resilience against ongoing 
climate change – in strategies known as 
Nationally Determined Contributions, which 
are updated every five years (22). Aotearoa 
New Zealand’s emissions reduction strategy 
(24) is complex and incorporates methods 
ranging from transitioning to renewable 
energies and implementing the Emissions 
Trading Scheme; to planting forests for land-
based carbon capture; to improving waste 
management and investing in the development 
of point-of-emission carbon capture (and 
storage) technologies (24). These strategies 
aim to minimise emissions of CO

2
 and other 

greenhouse gases – a stated priority for both 
national and international emissions targets. 

Drastically reducing our carbon emissions, 
however, is not sufficient on its own to avoid 
1.5°C global warming (25). The science 
which underpins the Paris Agreement’s goals 
indicates that both emissions reduction and 
carbon removal techniques (22) are necessary 

to avoid the worst consequences of climate 
change. Given that global CO

2
 emissions 

are continuing to rise rather than fall (4), 
effective removal of CO

2
 is essential for climate 

change mitigation (26), despite the difficulty 
in removing atmospheric CO

2
 at a meaningful 

scale (27).

CO
2
 removal

The natural carbon cycle sequesters about 
half of human-released carbon emissions into 
terrestrial (land-based) and marine (ocean-
based) sinks (8,28). Without these natural 
processes, the concentration of atmospheric 
CO

2
 would be higher and global temperatures 

would be hotter due to the greenhouse effect 
(4).

Natural processes, however, are not sufficient 
to keep up with emissions. Carbon dioxide 
removal (CDR) techniques – deliberate 
human actions, technologies, and approaches 
that remove CO

2
 from the atmosphere to 

durable storage (4,27) – are increasingly being 
considered or used to mitigate climate change. 
However, global CDR interventions currently 
remove only about five percent of total global 
emissions (26).

 Examples of CDR on land include:

•	 planting forests to capture carbon naturally 
through photosynthesis and store it in their 
wood. Carbon is released again when trees 
die and decompose or burn (4) (see Box 1).

•	 using artificial direct carbon capture 
technologies – often at the emission 
source, such as a factory or natural gas 
processing plant – to draw CO

2
 from the 

air, compress it, and pump it underground 
for storage (4,29) or sequester it within 
durable materials (eg, cement). This 
approach has also been applied to 
geological reservoirs beneath the ocean 
(eg, offshore Norway (30)) (Figure 10 
below).

Terrestrial and geological CO
2
 removal 

techniques are described in detail elsewhere, 
including these references (4,29,31). From 
this point on, this report will concentrate on 
methods for capturing and storing CO

2
 in the 

ocean.

Carbon dioxide removal (CDR) is the name 
for deliberate human actions, technologies, 
and approaches that remove CO

2
 from the 

atmosphere to durable storage (the carbon is 
locked away for centuries or longer).
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Te unu a te moana i te hauhā 
Marine carbon dioxide removal

The ocean is the largest natural sink of carbon 
(28); it is predicted to have naturally absorbed 
about 30 percent of all human-caused CO

2
 

emissions (2). 

Marine carbon dioxide removal (mCDR) is 
the name for interventions that increase 
CO

2
 uptake from the atmosphere into the 

ocean (32). mCDR encompasses a range of 
techniques mostly based on enhanced natural 
processes, including:

•	 coastal blue carbon

•	 seaweed aquaculture and afforestation

•	 ocean nutrient fertilisation

•	 ocean alkalinity enhancement

•	 artificial upwelling.

Some of these mCDR techniques may become 
tools in New Zealand’s future strategies, and 
for Nationally Determined Contributions 
globally, to meet national and international 
targets2. 

2.  Carbon naturally up-taken by open ocean sinks 
(excluding coastal waters) is not currently counted towards 
Nationally Determined Contributions (33).

In Aotearoa New Zealand, CO
2
 removal 

initiatives have generally focused on planting 
trees to uptake and remove carbon from 
the atmosphere (24); however, the Second 
Emissions Reduction Plan issued in 2025 
and amended in 2026 specifies ‘non-
forestry removals’, which include coastal 
blue carbon, marine ecosystems, and ocean 
fertilisation (34). Recent reports from the 
Intergovernmental Panel on Climate Change 
have also drawn attention to significant 
international efforts to research and develop 
ocean-based carbon removal and storage 
(4,27). 

Despite research and consideration of 
potential applications, all these techniques 
have significant uncertainty regarding their:

•	 efficacy and scalability

•	 permanence

•	 costs 

•	 risks and additional side effects. 

FIGURE 3 | Marine carbon dioxide removal approaches in this publication.

Marine carbon dioxide removal (mCDR) is 
the name for interventions that increase CO

2 

uptake from the atmosphere into the ocean.
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BOX 2 | Carbon in the ocean

The ocean continuously uptakes, redistributes, and releases CO₂ through several key processes 
called pumps (17).

How does CO
2
 enter and exit the ocean?

CO₂ enters the ocean primarily via air-sea gas exchange as part of what is called the solubility 
pump (17,35). Where the partial pressure3 of CO₂ in the atmosphere is greater than in surface 
water, CO₂ dissolves into the ocean. Conversely, CO₂ will be released into the atmosphere if partial 
pressure in the water is greater than in the air. Sea temperatures can also have an impact on this 
air-sea flux since colder waters can uptake more CO

2
 than warmer waters, so changes in water 

temperatures affect gas exchange between the ocean and atmosphere (17,36).

3.  Partial pressure is the pressure that a specific gas would exert if it occupied the same given volume alone at the same 
temperature.
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How does CO
2
 move around the 

ocean?

After entering the ocean, CO₂ is redistributed 
by several interconnected pumps:

•	 Biological pump: Phytoplankton (tiny, 
photosynthetic marine organisms) take 
up CO₂ via photosynthesis in surface 
waters and convert it into organic matter. 
Much of this carbon is transferred through 
the food web as the phytoplankton are 
consumed by other organisms, but a 
portion eventually sinks to the deep ocean 
via gravity as particulate matter (which 
includes marine snow4, faecal pellets, and 
carcasses) (36). 

•	 Carbonate (counter) pump: Many marine 
organisms produce shells or skeletons of 
calcium carbonate (CaCO₃) by combining 
dissolved carbonate ions with calcium, 
which causes an increase in surface ocean 
CO

2
. When these organisms die, however, 

they sink, taking organic carbon with 
them, and either dissolve or are buried in 
sediments (sequestering it) (17,35).

•	 Physical pump: This refers to physical 
processes, such as the circulation of ocean 
currents and wind-driven mixing, which 
distribute CO₂ through the water column. 
In high-latitude regions, CO₂ is carried 
down into the deep ocean by the sinking 
of dense, cold water (comprised of fresh 
water and sea ice melt), while upwelling 
zones bring deep, CO₂-rich waters back to 
the surface (16,17). 

4.  Marine snow is a transfer of organic matter by particles 
sinking from the ocean surface. The particles look like 
snow, with a fluffy white appearance. The ‘snowflakes’ 
are composed of decaying animal and plant matter as 
well as inorganic material such as sand and dust. Particles 
aggregate and grow as they fall; some are consumed by 
animals or microbes as they fall and the rest collect on the 
seafloor (37).

FIGURE 4 | Carbon, taken up at the ocean 
surface, moves through the water via the 
(A) biological pump, (B) carbonate (counter) 
pump, and (C) physical pump.
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Coastal blue carbon involves the enhanced 
storage of carbon in natural vegetation in 
coastal environments. Marine CO

2
 uptake can 

be improved through better management of 
coastal wetlands, mangroves, macroalgae 
(seaweeds), and seagrass beds to protect 
existing blue carbon5 sinks. This can be 
achieved by allowing ecosystems to recover, 
actively restoring them, or artificially expanding 
them to further enhance their carbon uptake, 
most of which is sequestered in the sediment 
beneath the plants. 

Coastal blue carbon ecosystems cover up 
to 185 million hectares globally. This is only 
about 0.5 percent of the seafloor, but may be 
responsible for more than 50 percent of CO

2
 

burial in the ocean (38). Unfortunately, about 
half of global coastal mangrove, seagrass and 

5.  In this paper we use ‘blue carbon’ to refer to carbon 
captured by coastal ecosystems, such as mangroves, 
seagrasses and saltmarshes (32).

saltmarsh ecosystems have been lost (38,39) 
and much of what remains grows outside 
protected marine areas (38). One publication 
estimates that restoration of tidal marshes, 
seagrasses, and mangroves could lead to 
carbon sequestration equal to about three 
percent of global emissions6 (38). Restoration 
of coastal mangroves is predicted to have the 
greatest carbon benefit (31). Mangroves are 
also protective against flooding and provide 
resilience against other effects of climate 
change (40–42). Protecting mangroves is 
more cost efficient than replacing them with 
protections such as sea walls7 (40). Highly 
productive macroalgal ecosystems are 
estimated to contribute 3–4 percent of the 
global ocean carbon sink capacity (45,46).

6.  Based on 2019–2020 global emissions (38).
7.   Coastal wetlands, however, will fail to keep up with 
sea level rise if the rate of rise increases from a current rate 
of about 4.5 millimetres per year to 7 millimetres (43,44).

FIGURE 5 | In coastal blue carbon, carbon is captured and stored by photosynthesising seaweed 
and plants growing along the coast.

Te hauhā kahurangi ā-tai
Coastal blue carbon
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Pros and cons

Co-benefits: Co-benefits of coastal blue 
carbon on top of carbon sequestration 
include improved water quality, biodiversity 
conservation, ecological restoration, 
eco-tourism opportunities, improved 
coastal protection from storm surges, and 
improved customary and recreational fishing 
sustainability (38). 

Access: Coastal ecosystems are easier to 
access than the open ocean for monitoring 
and verification of interventions.

Competition for resources: Coastal blue 
carbon projects must compete with other uses 
of the coastline, including fishing, recreation, 
agriculture, infrastructure, and transport.

Long-term investment needed: For mCDR 
via coastal blue carbon to be successful, 
ecosystem protections need to be sustained 
long-term. If coastal environments are allowed 
to degrade, most sequestered carbon would 
likely be released back into the atmosphere 
(4,47). For example, some approaches are 
vulnerable to extreme weather, such as 
typhoons or cyclones (48) and coastal blue 
carbon efforts would have to plan to restore 
storm damage. To achieve lasting benefits 
from variable systems, international coastal 
blue carbon guidelines require commitments 
of 25 to 100 years (49). Rising sea levels also 
need to be taken into account for long-term 
viability (50).

International research and applications

Vietnam is often cited as a success story of 
coastal restoration. The mangrove forests 
and seagrass meadows that were devastated 
by bombing in the Vietnam War have been 
undergoing restoration (both through planting 
and natural regrowth) since 1978 (42,48). 
Although carbon capture was not the main 
motivator for recovery efforts, the Mekong 
mangrove restoration area was estimated, 
in 2013, to absorb about three times more 
carbon than Vietnam emitted (51).

Mangrove forests are the most well-studied 
coastal blue carbon ecosystem. However, 
there are still many gaps in our knowledge 
of other ecosystems and more research is 
needed to better understand opportunities and 
risks related to coastal mCDR.

Existing international coastal blue carbon 
initiatives include: 

•	 Tidal Wetland and Seagrass Restoration8: 
a global carbon storage programme 
which includes creating, restoring, and 
maintaining tidal wetlands (49,52).

•	 Agriculture and Forestry Carbon Benefit 
Assessment9: a global programme to 
empower communities to capture carbon 
through forestry, including growing 
and protecting mangroves (49,53). 
Community-driven mangrove conservation 
initiatives are taking place in Kenya (54,55) 
and Madagascar (56).

•	 Tidal Restoration of Blue Carbon 
Ecosystems10: an Australian Carbon Credit 
Units scheme (57) which incentivises 
regions to re-establish and protect 
wetlands that have been drained. Early 
projects include protecting river flood 
plains (58) and rewilding farmland in 
Queensland (59–61).

Research and applications in Aotearoa New 
Zealand 

In Aotearoa New Zealand, research into blue 
carbon projects is in its early stages. A report 
commissioned by The Nature Conservancy 
Aotearoa New Zealand and the Ministry for the 
Environment recently looked into opportunities 
and barriers (49). Key recommendations 
included: the development of a national 
blue carbon road map or strategy; further 
consideration of barriers and opportunities for 
Māori; clear guidance for carbon rights; and 
an enabling environment for voluntary markets 
(49).

Māori engagement will be critical where 
restoration efforts focus on coastal ecosystems 
because of iwi ownership, kaitiakitanga 
(guardianship), and customary rights and 
interests over coastal land (49,62). 

Active research across Aotearoa New Zealand 
includes:

•	 Moanaanuanu estuary, near the 
Whangamatā Harbour: researchers found 
that deforestation within an estuary led 

8.  Verra VM0033 Methodology for Tidal Wetland and 
Seagrass Restoration, v2.1.
9.  Plan Vivo PM001 Agriculture and Forestry Carbon 
Benefit Assessment Methodology.
10.  T-Restor Tidal Restoration of Blue Carbon 
Ecosystems Method.
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to a decline in sediment carbon stocks 
(63). Coastal areas that are dominated 
by mangrove growth store more organic 
carbon than regions with other marine 
plants (63).

•	 Tairua estuary, in the Coromandel: 
researchers have highlighted the 
importance of unvegetated habitats as 
significant carbon sinks, with important 
transfer of carbon between different 
habitats such as saltmarsh, seagrass, 
mangroves, and unvegetated sediments 
(64).

•	 North Island saltmarshes: researchers 
are currently working on quantifying 
the carbon sequestration potential of 
saltmarshes by analysing soil cores across 
three different sites (65). 

•	 Fiordland: research is underway to 
understand how fluctuations in the 
capacity of fiords to store carbon are 
influenced by freshwater input and climate 
change (66), given that such environments 
are important globally and locally as 
carbon repositories (67,68).
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In mCDR, seaweed aquaculture (farming) 
means growing seaweed for the purpose of 
removing carbon from seawater and storing it 
in living tissue (69), followed by the deliberate 
deposition of this organic material in the deep 
sea.

Seaweeds (macroalgae) sequester CO
2
 via 

photosynthesis, the process by which plants 
and algae convert light energy into chemical 
energy and plant biomass by absorbing CO

2
 

and releasing oxygen. This causes the amount 
of CO

2
 in the water around the plant to 

decrease (70), so the water can then absorb 
more CO

2
 from the atmosphere via gas 

exchange at the surface. 

The promotion of ocean afforestation 
(planting) using existing systems, such 
as the Great Atlantic Sargassum Belt or 
offshore seaweed farms and seeding buoys, 
was suggested as an early viable mCDR 
approach by entrepreneurs and scientists (71). 
Rehabilitation and reforestation of natural 
kelp forests could also contribute to carbon 
removal (72) (these efforts are often included 
under the definition of coastal blue carbon). 

Experts have since raised various limitations 
and considerations regarding seaweed 
aquaculture, detailed below. More research is 
needed to understand the complex processes 
and wide-ranging effects of cultivating 
seaweeds for carbon dioxide removal.

Pros and cons

High efficiency: Seaweeds are fast growing, 
highly productive, widely distributed in 
different aquatic habitats across the globe, and 
can grow on ropes or other structures that 
make farming easy (73–75).

Co-benefits: Seaweed biomass is important 
in mitigating coastal ocean acidification and 
supporting healthy ecosystems. Farmed 
seaweed delivers social and economic benefits 
to communities, ie, seaweed can be partially 
harvested for food, and for products such 
as textiles, pharmaceuticals, and bioplastics 
(76,77). A recent study also found that seaweed 
farms enhance alkalinity in the sediment below 
them, which can improve long-term carbon 
storage (78) (see alkalinity enhancement 
section).

FIGURE 6 | Seaweed aquaculture is an mCDR technique because it boosts CO
2
 capture at the 

ocean surface.

Te ahumoana rimurimu me te whakarimurimu
Seaweed aquaculture and afforestation
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Difficult to monitor; uncertainty of long-term 
carbon storage: Carbon sequestration by 
growing seaweed is not as simple as it sounds; 
the biological processes involve both capture 
and release of carbon. Carbon is captured 
through photosynthesis by living seaweeds 
and released during degradation of dead ones 
(seaweeds have short life spans). It is difficult 
to track how the carbon that seaweed fixes 
moves through the marine environment, and 
the duration of seaweed biomass storage (79). 
Seaweed must also be considered from an 
ecosystem perspective rather than in isolation; 
seaweed is consumed by animals and the 
carbon from its tissues is metabolised and 
integrated into animal tissue or released as 
waste or during respiration. Seaweed, unlike 
trees on land, does not have a lot of dead 
biomass (ie, wood) that goes uneaten. 

To be considered a viable mCDR technique, 
seaweed biomass needs to sink to a depth 
below 1000 metres or be buried in marine 
sediment, effectively removing the carbon it 
contains from the atmosphere (69). In wild 
seaweed beds, it is estimated that nine percent 
of absorbed carbon is exported to the deep 
sea, but only one percent is buried in the 
seafloor (46). The rest is recycled back to 
CO

2
 by grazing and respiration, and so does 

not contribute to emissions reduction targets 
(46). Long-term seaweed farms, however, 
have been demonstrated to accumulate 
substantial carbon burial in the sediment below 
(80). Deliberate sinking of large amounts of 
seaweed (known as seaweed dumping) has 
been proposed as a way of increasing the 
likelihood of long-term carbon sequestration 
in the deep ocean (81). Extensive analyses 
of the relationship between seaweed life 
cycles and marine carbon flux under a variety 
of farming scenarios will be necessary to 
fully evaluate the utility of this technique 
(74,79,81,82).

Use of fossil fuels: Current seaweed farming 
practices rely heavily on fossil fuels (eg, 
transportation and processing). At present, this 
carbon release is likely to outweigh any carbon 
sequestration potential (69,79). 

Potential side effects: Mass cultivation 
(farming) of seaweed will likely affect marine 
ecosystems at the sea surface and in the 
deep sea (3), though ecological effects 
require further investigation (83). For example, 
seaweed farms could block light, smother 
deep-sea environments, and use up important 
nutrients that reduce photosynthesis and CO

2
 

uptake by phytoplankton (84). This reduction in 
phytoplankton may alter food chains and limit 
energy transfer to fish and marine mammals 
(84).

Concerns have been raised (71,73,79,84,85) 
about the viability and practicalities of ocean 
afforestation and related techniques, with 
questions about atmospheric re-equilibration 
timescales, efficacy and verification of 
macroalgae-associated carbon sequestration, 
ecosystem impacts, and operational scalability 
(such as farm sizes).

International research and applications

The Global Seaweed Project (Oceans 2050) 
aims to ‘harness the power of seaweed farming 
to mitigate climate change and restore ocean 
health’ (86).

Researchers participating in Project Tanah Air 
in Singapore aim to ‘advance Blue Carbon 
sequestration and seaweed bioremediation to 
aid sustainable agriculture practices to combat 
marine pollution, soil degradation, and climate 
change in Southeast Asia’ (87).

Research and applications in Aotearoa New 
Zealand 

Seaweed aquaculture is the subject of several 
research projects that assess its suitability 
for mCDR in Aotearoa New Zealand and 
researchers are developing protocols to 
quantify carbon removal.

Seaweed Sector Framework: There has been 
an extensive literature review of how seaweed 
could be used in mCDR in Aotearoa New 
Zealand (88); the results suggest that targeted 
expansion of seaweed aquaculture could 
contribute to climate change mitigation (70). 

The Quantifying Kelp Blue Carbon project: 
Researchers are working in the Cook Strait 
to estimate natural carbon sequestration by 
kelp and quantify its potential role in offsetting 
carbon emissions (72). Difficulties with 
correlating kelp biomarker concentrations 
(environmental DNA) to carbon content in 
marine sediments suggest that assessments 
of the effectiveness of kelp in carbon 
sequestration require additional research (89)11.

11.  Recent research offshore Norway has shown success 
with a similar approach (90).
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Ocean nutrient fertilisation is an mCDR 
technique that aims to sequester carbon by 
encouraging the growth of phytoplankton 
(91,92). First, a limiting nutrient12 is added to 
surface waters to increase phytoplankton 
growth. More phytoplankton leads to higher 
rates of photosynthesis, which removes 
dissolved CO

2
 and increases the transfer of 

carbon from the atmosphere to the surface 
ocean. When the phytoplankton die, some 
of this additional organic carbon sinks and 
is sequestered in the deep ocean (91,92). 
This mCDR technique effectively boosts the 
efficiency of the natural biological carbon 
pump.

12.  A limiting nutrient is a crucial component required for 
an organism’s growth. Many components are necessary 
for growth, but a limiting nutrient is the most scarce on the 
list, so its availability limits growth. When the concentration 
of a limiting nutrient is increased, growth also increases. 
If concentrations are increased significantly, then the 
nutrient may cease to be limiting because some other 
nutrient becomes most in-demand.

Natural events that deposit nutrients on the 
ocean surface, such as volcanic eruptions or 
ash from wildfires, have provided evidence for 
iron fertilisation of phytoplankton (93), and ice 
core studies confirm that it has happened in 
pre-history (94). Research in the 1990s–2000s 
showed that iron concentrations limit 
phytoplankton growth in certain ocean regions 
where other nutrients are readily available, 
such as the Southern Ocean (95,96). New 
Zealand researchers played important roles in 
this foundational work (95,96).

Pros and cons

Limited evidence of carbon sequestration: Trial 
iron addition experiments in high nutrient, low 
phytoplankton oceanic areas confirmed that 
phytoplankton productivity and biomass are 
enhanced when iron is added to surface waters 
(95). Indeed, some iron addition experiments 
resulted in large blooms exceeding 1000 
km2 that were visible in satellite images (97). 

FIGURE 7 | Ocean nutrient fertilisation increases CO
2
 capture by encouraging phytoplankton 

growth.

Te whakahaumako i ngā taiaro moana
Ocean nutrient fertilisation
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However, larger and longer field campaigns 
are needed to understand the scalability of 
iron and nutrient fertilisation as a viable mCDR 
method (97), as there is currently limited 
evidence of significant carbon sinking to a 
depth where it can be considered sequestered. 

Harmful species: Most iron addition 
experiments found that the composition 
of phytoplankton changed after iron was 
added to the surface ocean, with larger 
species becoming more abundant over small 
cyanobacteria species, potentially impacting 
the food web and creating harmful algal 
blooms (92). One of these larger species, 
Pseudo-nitzschia, produces a harmful 
neurotoxin called domoic acid, so if iron 
addition enhanced growth of this species it 
could also increase the presence of this toxin 
(98). 

Chemical side effects: There are also concerns 
that the decomposition of the sinking organic 
matter resulting from iron fertilisation could 
result in deoxygenation, acidification, and 
production of other greenhouse gases (such 
as nitrous oxide) in deeper waters (3). These 
effects have been modelled (99) but are yet to 
be confirmed in field trials.

Biological side effects: Ocean nutrient 
fertilisation may also lead to an imbalance of 
other nutrients in the water. The enhanced 
phytoplankton growth due to iron addition 
will take up more macronutrients such as 
silicate and nitrate in surface waters (91). 
These macronutrients may subsequently 
limit phytoplankton growth, regardless of 
iron availability, which has led to suggestions 
that this may minimise phytoplankton 
response to iron addition (91). This removal of 
macronutrients can also have a negative effect 
downstream, known as ‘nutrient robbing’. 
Modelling of large-scale fertilisation finds there 
is a risk of productivity loss downstream as 
macronutrients that are usually transported to 
other regions are instead used up in the area of 
the iron fertilisation (100). 

Cost: Ocean nutrient fertilisation is likely to be 
very expensive, especially for methods other 
than iron fertilisation, such as nitrogen or 
phosphorus (99).

Use of fossil fuels: Currently, most marine 
vessels rely heavily on fossil fuels (eg, for 
transportation). At present, it is unclear if the 
carbon release from ocean nutrient fertilisation 
will outweigh any carbon sequestration 
potential. 

International research and applications

Ocean iron fertilisation has historically 
been a controversial idea, due to the risks 
outlined above (101,102). In 2008, the 
London Convention and Protocol, which 
regulates marine dumping activities on 
the high seas, stated that iron fertilisation 
projects should only be allowed if carried 
out for ‘legitimate scientific research’ (103). 
More recently, amendments to the London 
Protocol have been proposed to regulate 
ocean iron fertilisation, labelling it as a marine 
geoengineering13 technique (108). However, 
the annex relating to ocean iron fertilisation 
has only been ratified by nine nations to date 
(it needs 37 to come into effect) and Aotearoa 
New Zealand is not a signatory (103,109).

Research and applications in Aotearoa New 
Zealand

Aotearoa New Zealand was the first country to 
conduct an in situ (in the field) iron fertilisation 
experiment in the Southern Ocean (110). 
This work proved the connection between 
iron limitation on phytoplankton production 
and CO

2
 capture (94). Numerous countries 

have undertaken similar experiments in a 
range of different oceanic regions, with a 
variety of ecosystem responses and carbon 
sequestration outcomes (96,110,111). Despite 
the recognition of issues regarding the 
effectiveness and potential impacts of ocean 
iron fertilisation (102), it is being actively 
promoted as a potential mCDR solution 
(97,104).

13.  Geoengineering is human-driven alteration of the 
climate, typically intended to counteract climate change 
and cool the planet (104). By some definitions, all carbon 
dioxide removal techniques – such as those described 
in this report – are classified as low-risk geoengineering 
(99,105).
Geoengineering is a topic of debate in climate science, 
politics, and the public (31,106,107); some scientists 
have called for international agreements banning 
geoengineering (101). 
Deploying geoengineering techniques at effective scale 
is likely to be very expensive (though relatively affordable 
compared to the costs of climate change), logistically 
difficult, of questionable effectiveness, and may have 
severe side effects (101,107). Benefits of the technologies 
include rapid deployment for some of the high-risk, high-
reward inventions. Lower risk CDR techniques such as 
afforestation on land and coastal regions will take longer 
to have a smaller impact and most are reversible (31).
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Ocean alkalinity enhancement is an mCDR 
technique that captures CO

2
 by altering the 

natural chemistry of seawater. Ocean alkalinity 
is a measure of the ability to neutralise acids 
in seawater, and increasing alkalinity converts 
dissolved CO

2
 to bicarbonate which is stable in 

seawater.

Ocean alkalinity is part of the slow carbon 
cycle and has regulated the ocean’s capacity 
to absorb CO

2
 from the atmosphere via the 

weathering of rocks on land over geological 
timescales. Over tens of thousands of years, 
rocks release alkaline minerals into rivers 
and streams which empty into the ocean. 
The minerals react with water and consume 
hydrogen ions (H+), raising alkalinity and pH 
(112). This process converts CO

2
 to bicarbonate 

(HCO
3

-) and so lowers the CO₂ concentration 
in surface water and increases the transfer of 
CO

2
 from the atmosphere to the ocean.

To enhance ocean alkalinity, naturally alkaline 
substances (silicate rocks, such as olivine and 

basalt, or carbonate rocks, such as limestone) 
could be mined, pulverised, and deposited 
as a fine dust in the surface ocean, on the 
seafloor or on coastal beaches. Alkalinity 
can also be enhanced via addition of liquid 
containing dissolved minerals to the ocean 
and by electro-chemical reactions that remove 
acid from seawater (113). These methods 
would increase the ocean’s ability to sequester 
carbon by enhancing its chemical capacity to 
absorb and store atmospheric CO₂ (112). 

Pros and cons

Long-term storage: Ocean alkalinity 
enhancement does not depend upon 
biological mechanisms and has lower risk 
of ecosystem impacts than other mCDR 
techniques described here (114). Bicarbonate 
is a stable form of dissolved inorganic carbon 
that can remain in the ocean for millennia 
with little risk of rapid re-release, giving this 
technique an advantage in terms of long-term 
carbon sequestration (112).

FIGURE 8 | Ocean alkalinity enhancement involves altering the chemistry of the ocean to increase 
its ability to uptake CO

2
.

Te whakapiki i te waipāhuatanga o te moana
Ocean alkalinity enhancement
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Co-benefits: Ocean alkalinity enhancement 
could mitigate ocean acidification and its 
negative ecological effects (such as dissolving 
calcium carbonate shells (115)), at least locally 
where the technique is employed (116).

Potential toxicity to and disruption of sea 
life: Minerals used in alkalinity enhancement 
may leach trace metals, such as nickel, into 
the water leading to toxicity to sea life (and 
people consuming it) (113). Other minerals 
may stimulate growth of some types of 
phytoplankton over others and change the 
balance of the ecosystem (112). This risk can be 
managed by avoiding trace metal-rich minerals 
or by favouring liquid alkalinity.

Potential disruption to land-based 
ecosystems: Mining and other forms of 
extraction and crushing of rocks disturb land-
based ecosystems and associated biodiversity, 
and usually involve the use of fossil fuels in 
their extraction and processing (117).

Direct study needed: Most research on ocean 
alkalinity enhancement has been based on 
modelling (112,116) (although there have 
recently been some in situ deployments of 
alkalinity in North American waters, see below). 
Alkalinity is difficult to monitor because the 
background alkalinity in the ocean is already 
high. However, coastal and open ocean 
research findings are starting to emerge.

International research and applications

The Ocean Alkalinity Enhancement Pelagic 
Impact Intercomparison Project aims to 
develop and implement a standardised ocean 
alkalinity enhancement experiment with 
plankton communities (118). The study will be 
conducted worldwide to evaluate the impacts 
and scalability of ocean alkalinity enhancement 
in marine systems.

The LOC-NESS (Locking Ocean Carbon 
in the Northeast Shelf and Slope) project 
was an early mCDR field trial that has been 
monitoring the impacts of ocean alkalinity 
enhancement (using sodium hydroxide) in the 
North Atlantic (119–121). Engagement with 
Indigenous communities and commercial 
stakeholders helped with field site selection 
and constructive guidance on project design 
(122). The trial has been declared a success 
by the team, who noted that measured 
results correlated closely with modelling 
(123). Preliminary results suggest that marine 
life is relatively tolerant to elevated pH and 
alkalinity, but further investigation is needed to 

determine long-term effects (124).

Nearby, in Halifax Harbour, a startup company 
works with university collaborators to model 
and run an ocean alkalinity enhancement 
field trial (125). The site uses a magnesium 
hydroxide solution to add alkalinity (126), 
and the team studies carbon capture and 
potential broader impacts to the ecosystem 
(126–128). In 2025, the startup was issued 
the first carbon credits for ocean alkalinity 
enhancement for removing an estimated 625.6 
tonnes of CO

2
 from the atmosphere (129–131). 

However, researchers who analysed the 
whole life cycle of the work found that, under 
today’s conditions, the intervention would 
affect little-to-no net carbon removal (and 
may emit net carbon), given the use of fossil 
fuels in the supply chain (132). They said the 
technique could be helpful in the future with 
a decarbonised energy system and careful site 
selection (132).

Recent coastal studies in Australia and the 
United States tested whether the alkalinity can 
be tracked, providing proof-of-concept data 
for small-scale release (133,134).

Research and applications in Aotearoa New 
Zealand 

Under the programme ‘Catching Marine 
Carbon: Testing Ocean Solutions for 
Climate Mitigation using Natural Analogues’, 
researchers in Aotearoa New Zealand will 
undertake laboratory experiments, field 
surveys, and modelling to better understand 
the effect that ocean alkalinity enhancement, 
combined with direct air capture, may have on 
native species (135). 

Researchers are also testing natural analogues 
for ocean alkalinity enhancement in Hawke’s 
Bay to measure and verify carbon removal, 
assess environmental risk, and consider the 
social and regulatory frameworks that would 
be required before the intervention could be 
considered as part of national climate strategy 
(135). Further work on land in the area – a 
collaboration between researchers and Ngāti 
Pūkenga which trials the use of ground rocks 
for carbon capture on farmland (136) – may 
also affect the ocean via river and groundwater 
leaching. 

To date, like most mCDR methods, ocean 
alkalinity enhancement is not being considered 
for large-scale deployment in Aotearoa New 
Zealand waters without further research.
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Upwelling occurs naturally when cold, 
nutrient-rich water rises from the deep ocean 
to the surface (3,35). This process is driven 
by wind patterns, currents, and the Earth’s 
rotation, and typically occurs along coastlines. 
Upwelling brings nutrients to the surface and 
naturally fertilises surface waters, stimulating 
the growth of phytoplankton and subsequent 
absorption of atmospheric CO

2
 through 

photosynthesis (3,35). 

Artificial upwelling replicates and enhances 
nature by mechanically transferring deep water 
to the surface using wave-driven or pump-
assisted vertical pipes. The process aims to 
enhance phytoplankton productivity in surface 
waters, and associated carbon uptake and 
export via the biological carbon pump (137).

Pros and cons

Limited trials: Small-scale studies of artificial 
upwelling in semi-enclosed bodies of 
water have shown promise for increasing 
phytoplankton concentrations (3). However, 
large-scale studies have yet to be conducted 
successfully in the open ocean. 

Logistically difficult: There are significant 
engineering and logistical challenges to 
operating in the open ocean. These projects 
require artificial upwelling structures to 
withstand strong currents and storms, long 
deployment periods, and biofouling, while 
overcoming complicating factors such as 
running energy requirements and maintenance 
(3). 

Uncertain composition: In addition to the 
largely unknown ecological effects of pumping 
cold water to the sea surface, this upwelled 
water is likely to be older than surface waters 
and therefore rich in dissolved CO

2
 (137), which 

could lead to the release of carbon back into 
the atmosphere and offset any sequestration 
gains.

Research and applications

Recent studies (138–140) suggest that artificial 
upwelling is likely to be ineffective as an mCDR 
technique because it is an oversimplification of 
complex ocean processes.

FIGURE 9 | Artificial upwelling involves pumping nutrient-rich water from the bottom of the ocean 
to the surface to stimulate phytoplankton growth.

Te tō ake i ngā wai o raro
Artificial upwelling
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Ētahi atu tikanga 
Other techniques

Several other mCDR techniques are also being explored globally (141,142), either as stand-alone 
approaches or in conjunction with other techniques, though these have so far received less 
attention, and their potential ecological impacts have not been thoroughly investigated. Two 
examples are:

•	 Subseafloor injection entails pumping 
captured liquid CO₂ into disused oil and 
gas reservoirs or seabed basalt rock layers 
(3,145). These sites can potentially store 
carbon securely for millennia and allow for 
long-term monitoring of storage integrity. 
Norway has been a leader in this field since 
the late 1990s, with various depleted oil 
and gas reservoirs and drill sites used for 
subsea carbon capture and storage (146). 
Such methods can also be employed on 
land.

FIGURE 10 | Terrestrial biomass sequestration (left) and subseafloor injection (right) are two more 
mCDR methods.

•	 Terrestrial biomass sequestration involves 
sinking organic matter (such as woodchips, 
crop residues, or hay) into the deep ocean 
(143). This approach aims to sequester 
carbon by isolating slowly decomposing 
biomass at depth, where its carbon would 
be less likely to return to the atmosphere. A 
test deployment of this technique involved 
the dumping of wood chips off the coast 
of Iceland (143), which drew significant 
controversy regarding the lack of oversight 
and verification, ultimately leading to the 
demise of the company responsible (144).
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As of 2026, Aotearoa New Zealand’s activities 
to remove CO

2
 from the atmosphere focus 

heavily on forestry (sequestering in the 
terrestrial carbon sink) (24). New Zealand’s 
Second Emissions Reduction Plan (2026–
2030), however, highlights the potential 
of mCDR methods, which are identified as 
nature-based solutions (34).

In Aotearoa New Zealand, many communities 
have a strong cultural connection to 
the ocean, including Māori and Pacific 
communities. Te Tiriti o Waitangi will be an 
important consideration for any development 
of mCDR in Aotearoa New Zealand, regardless 
of scale (147). Our oceans are valued as 
a source of food, and habitat for taonga 
(treasured) and precious native species. They 
are used for a wide variety of customary and 
commercial uses, and are valued sites for 
recreation and tourism.

mCDR could present economic opportunities 
for coastal settlements, particularly if local 
communities are involved as partners, 
leaders or investors in project design and 
development, research, and monitoring 
(148–151). Positive outcomes could include 
job creation and community resilience (150). 
Economic risks could also arise if projects fail 
or damage the marine environment, directly 
affecting livelihoods associated with tourism, 
aquaculture, and fishing, or if economic 
benefits are not equitably distributed among 
the communities involved (148,150).  

Despite the cultural and economic importance 
of our oceans, there is currently minimal 
regulation for mCDR activities (32). Aotearoa 
New Zealand, together with our Pacific 
neighbours, will need to establish appropriate 
regulations and governance that respond to 
and protect our unique environments and 
cultures ahead of any adoption of mCDR. Any 
potential mCDR technique would require more 
research, effective monitoring and verification, 
and in-depth societal discussions before 
considering large-scale use (141). 

Currently, mCDR is a collection of developing 
technologies that are not yet ready for large-
scale deployment.

Further investigation of mCDR should span 
technical feasibility, carbon sequestration 
potential, and ecological suitability and risks. 

Quantification of carbon removal rates must 
also be weighed against the full lifecycle of 
any technique, including carbon released 
during production, transport, and monitoring 
(32). Furthermore, research could consider 
how new technologies align with te ao Māori 
(see below) and diverse community values, 
legal frameworks, and community aspirations 
(62,152).  

Te unu a te moana i te hauhā i Aotearoa 
Marine carbon dioxide removal in Aotearoa New Zealand
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While our oceans and coastal environment 
are important to all of Aotearoa New Zealand, 
Māori have particular interests in respect 
of these environments. As the indigenous 
people of Aotearoa New Zealand, Māori have 
a deep, evolving relationship with land, sea, 
and sky (152,153). This relationship is founded 
in whakapapa (genealogy), kaitiakitanga, 
and a worldview that sees people and the 
environment as intrinsically connected (153). 
The moana (ocean) is not a mere resource for 
Māori, but a living being, an ancestor.

Mātauranga (knowledge and experience) of 
the ocean has been collated over millennia 
of existence in Aotearoa and across Polynesia 
(152,154,155). mCDR initiatives stand to 
benefit by gaining the support and guidance 
of local communities (32,152). Any mCDR 
intervention that alters the chemistry, biology, 
or physical state of the ocean could be seen 
as an intrusion upon a tupuna (ancestor) 
raising fundamental questions about consent, 
respect, and the exercise of tino rangatiratanga 
(sovereignty, self-determination). If mCDR 
projects do not include Māori participation 
and benefit sharing, initiatives could risk 
repeating historical patterns of exclusion and 
dispossession, leading to confrontation and 
legal challenge (62).

It is important for mCDR initiatives in Aotearoa 
New Zealand to consider Te Tiriti o Waitangi 
principles of partnership, participation and 
protection (62,147,156). This means early, 
meaningful engagement with iwi and hapū 
(62), and respect and provision for Māori 
rights and interests – including customary 
marine title and access to mahinga kai 
(customary gathering of seafood) (62) – and 
the co-development of mCDR research and 
monitoring frameworks (32,62). 

Māori rights are also protected by the 
United Nations Declaration on the Rights of 
Indigenous Peoples (157), which supports the 
need for Māori to give free, prior and informed 
consent for projects affecting their rohe 
moana (customary domains). Such consent 
requires full information, adequate time for 
deliberation, and genuine power to say ‘no’ 
(157) or to shape outcomes in alignment with 
their mātauranga, tikanga (protocols), and 
aspirations.

Māori also have intergenerational kaitiakitanga 
over the environment for present and future 
generations (62,158,159) and have a strong 
interest in rigorous assessment of potential 
mCDR interventions’ impacts and efficacy (32).

mCDR interventions, especially at a large 
scale, carry scientific uncertainties and 
potential for unintended consequences. If 
used irresponsibly or with insufficient risk 
analysis, mCDR could lead to changes in 
nutrient flows, disruption of food webs, or 
chemical imbalances in the moana. Such 
risks could threaten mahinga kai, taonga 
species (treasured species), and the mauri (life 
sustaining quality) of the ocean along with 
the significant commercial Māori interests in 
seafood.

On the other hand, if iwi and hapū are involved 
from the outset, local mCDR projects could 
support Māori interests in the protection of 
coastal and marine environments. Successful 
interventions, such as coastal blue carbon, 
would help protect oceans and beaches from 
the adverse effects of climate change such as 
sea level rise, acidification, warming, and loss 
of fishing stock and biodiversity. This would 
align with Māori aspirations to sustain healthy 
ecosystems for future generations.

Māori-centric approaches can be both 
innovative and deeply sustainable (88). 
Done with care and with the leadership or 
partnership of Māori, mCDR could support 
Māori kaitiakitanga and innovation in the 
face of climate change. Done poorly, it 
could deepen inequities and harm the 
interconnected fabric of people and ocean. 
As Aotearoa considers these new frontiers, 
including Māori voices and values in decision-
making is key to a sustainable, resilient future.

Te unu a te moana i te hauhā me te ao Māori
Marine carbon dioxide removal and te ao Māori
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He aha kei tua?  
What’s next? 

The widespread negative effects of human-
caused climate change are worsening (27) and, 
according to the Intergovernmental Panel on 
Climate Change, CO

2
 levels are on track to 

exceed the Paris Agreement’s goal of limiting 
warming to 1.5°C (27).

Carbon emissions need to reduce to constrain 
global warming (4), but some hard-to-reduce 
emissions such as those arising from cement 
production, aviation fuel, and other industries 
are expected to take a long time to drop. The 
Intergovernmental Panel on Climate Change 
states that CDR will be necessary to reach net 
zero greenhouse gas emissions (27). In this 
context, marine carbon dioxide removal may 
be a future tool to help reduce atmospheric 
carbon levels. However, the scientific basis 
for this approach is still being established 
(3,32). For all of the techniques discussed 
in this report, further research, and robust 
measurement and verification (which are very 
difficult in open ocean environments and need 
to include all emissions across the lifecycle of 
each technique), are needed to verify whether 
they can make a significant contribution to 
reducing atmospheric CO

2
.

A 2026 independent report on the state of 
carbon dioxide removal (CDR), authored by a 
group of influential researchers (26), advocated 
for decisive action on CO

2
 removal. It declared 

that:

•	 Greenhouse gas emission reductions and 
CDR are both required to meet global 
targets.

•	 Current country carbon pledges are not 
enough to meet the agreed targets.

•	 Conventional CDR techniques (mostly 
involving forests and soils) make up 99.9 
percent of current CO

2
 removals, but are 

not enough. Novel approaches, such as 
mCDR, would need to advance rapidly (but 
still undergo robust validation) to make a 
difference.

•	 CDR interventions need to be diversified, 
not concentrated to a few well-funded 
initiatives and locations.

•	 2026–2030 is a crucial time to deploy CDR 
interventions in order to limit the greatest 
impacts of climate change (26). 

In Aotearoa New Zealand, we will need to 
consider whether any of these approaches 
will be appropriate for our unique cultural and 
environmental context (32). Achieving this 
will require research, inclusive engagement 
with communities, and partnership with and 
leadership by Māori to understand the direct 
and indirect implications of mCDR (62,160).

As new carbon removal initiatives appear, we 
will need to have informed national discussions 
about mCDR, including consideration of 
the governance and regulation of potential 
approaches (32,101,148,152,160–169).

mCDR techniques have unique 
social, environmental, and 
economic consequences – some 
beneficial and some detrimental 
– and it is important that our 
communities are able to make 
informed decisions about whether 
these approaches could or should 
contribute to our climate response 
in Aotearoa New Zealand.



23 | ROYAL SOCIETY TE APĀRANGI

Ngā aumihi 
Acknowledgements 

This publication was prepared by the Royal 
Society Te Apārangi, with generous guidance 
from the following experts:

•	 Linda Faulkner, Ngāti Rangi and Whanganui 
(Earth Sciences New Zealand)

•	 Professor Cliff Law (Earth Sciences New 
Zealand and University of Otago, Ōtākou 
Whakaihu Waka)

•	 Dr Scott Nodder (Earth Sciences New 
Zealand)

•	 Dr Adrienne Paul, Ngāti Awa, Ngāti 
Tūwharetoa ki Kawerau, Ngāi Tuhoe, and 
Te Arawa ki Maketu (Mahi Ngātahi Law – 
Specialist Division of Halliwells Lawyers)

The content was peer-reviewed by: 

•	 Associate Professor Linn Hoffmann 
(University of Otago, Ōtākou 
Whakaihu Waka)

•	 Professor Tim Naish (Te Herenga Waka—
Victoria University of Wellington)

Conflicts of interest:

•	 Cliff Law, Scott Nodder, Adrienne Paul, 
and Linn Hoffmann are recipients of a 
recent Ministry of Business, Innovation and 
Employment-funded research programme 
to investigate mCDR approaches using 
natural analogues. 

•	 Cliff Law also receives funding from MBIE 
for a Smart Idea on Ocean Alkalinity 
Enhancement. 

•	 Tim Naish chairs the Joint Scientific 
Committee of the World Climate Research 
Programme.

Claude AI (Sonnet 4.6) was used during 
proofing; suggestions were approved and 
incorporated by humans. AI was not used for 
research, writing, or figure development.



MARINE CARBON DIOXIDE REMOVAL IN AOTEAROA NEW ZEALAND | 24 

Ngā tohutoro
References  

1.	 Royal Society Te Apārangi. Climate change 
implications for New Zealand [Internet]. 
Wellington: Royal Society Te Apārangi; 2016 
[Accessed 2nd March 2026]. Available from: 
https://www.royalsociety.org.nz/assets/
documents/Climate-change-implications-for-NZ-
2016-report-web3.pdf 

2.	 Gruber N, Clement D, Carter BR, Feely RA, Van 
Heuven S, Hoppema M, et al. The oceanic sink 
for anthropogenic CO

2
 from 1994 to 2007. 

Science. 2019;363(6432):1193–1199. https://doi.
org/10.1126/science.aau5153

3.	 A research strategy for ocean-based carbon 
dioxide removal and sequestration. Washington, 
D.C.: National Academies Press; 2022. https://doi.
org/10.17226/26278

4.	 Shukla PR, Skea J, Reisinger AR, IPCC (eds.). 
Climate change 2022: mitigation of climate 
change. Geneva: IPCC; 2022.

5.	 Kweku DW, Bismark O, Maxwell A, Desmond KA, 
Danso KB, Oti-Mensah EA, et al. Greenhouse 
effect: greenhouse gases and their impact on 
global warming. Journal of Scientific Research 
and Reports. 2017;17(6):1–9. https://doi.
org/10.9734/JSRR/2017/39630

6.	 Mitchell JFB. The “Greenhouse” effect and climate 
change. Reviews of Geophysics. 1989;27(1):115–
139. https://doi.org/10.1029/RG027i001p00115

7.	 Letcher TM. Introduction with a focus on 
Atmospheric Carbon Dioxide and Climate Change. 
In: Future energy. Elsevier; 2020. p. 3–17. https://
doi.org/10.1016/B978-0-08-102886-5.00001-3

8.	 Friedlingstein P, O’Sullivan M, Jones MW, Andrew 
RM, Bakker DCE, Hauck J, et al. Global carbon 
budget 2025. Earth System Science Data. 2026;18: 
3211–3288. https://doi.org/10.5194/essd-2025-
659

9.	 Masson-Delmotte V. Information from 
paleoclimate archives. In: Stocker TF (ed.) 
Climate change 2013: the physical science basis: 
Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University 
Press; 2013. p. 383–464. https://doi.org/10.1017/
CBO9781107415324.013

10.	 NASA. Global temperature – Earth indicator 
[Internet]. Washington, D.C.: NASA; [Accessed 12th 
November 2025]. Available from: https://science.
nasa.gov/earth/explore/earth-indicators/global-
temperature/

11.	 World Meteorological Organization. State of the 
global climate 2024. Geneva: WMO; 2025. Report 
No.: WMO-No. 1368.

12.	 World Meteorological Organization. State of the 
global climate 2025. Geneva: WMO; 2026. Report 
No.: WMO-No. 1391. [Accessed 11th May 2026]. 
https://doi.org/10.59327/WMO/S/CRI/SOC/1

13.	 Armstrong McKay DI, Staal A, Abrams JF, 
Winkelmann R, Sakschewski B, Loriani S, et 
al. Exceeding 1.5°C global warming could 
trigger multiple climate tipping points. Science. 
2022;377(6611):eabn7950. https://doi.org/10.1126/
science.abn7950

14.	 Clarke B, Otto F, Stuart-Smith R, Harrington L. 
Extreme weather impacts of climate change: 
an attribution perspective. Environmental 
Research: Climate. 2022;1(1):012001. https://doi.
org/10.1088/2752-5295/ac6e7d

15.	 Ministry for the Environment. National climate 
change risk assessment for New Zealand: Main 
report – Arotakenga tūraru mō te huringa 
āhuarangi o Āotearoa: Pūrongo whakatōpū. 
Wellington, New Zealand: Ministry for the 
Environment; 2020.

16.	 Archer D. The global carbon cycle. Princeton: 
Princeton University Press; 2011.

17.	 DeVries T. The ocean carbon cycle. Annual Review 
of Environment and Resources. 2022;47(1):317–
341. https://doi.org/10.1146/annurev-
environ-120920-111307

18.	 National Oceanic and Atmospheric Administration. 
Carbon cycle [Internet]. Silver Spring (MD): NOAA; 
[Accessed 7th February 2025]. Available from: 
https://www.noaa.gov/education/resource-
collections/climate/carbon-cycle

19.	 Siegel DA, DeVries T, Cetinić I, Bisson KM. 
Quantifying the ocean’s biological pump and its 
carbon cycle impacts on global scales. Annual 
Review of Marine Science. 2023;15(1):329–
356. https://doi.org/10.1146/annurev-
marine-040722-115226

20.	 New Zealand Government. New Zealand 
government to declare a climate emergency 
[Internet]. Wellington: New Zealand Government; 
2020 [Accessed 3rd March 2026]. Available from: 
https://www.beehive.govt.nz/release/new-
zealand-government-declare-climate-emergency

21.	 New Zealand House of Representatives. Order 
paper – Wednesday, 2 December 2020 [Internet]. 
Wellington: New Zealand Parliament; 2020 
[Accessed 3rd March 2026]. Available from: 
https://www3.parliament.nz/resource/en-NZ/
OrderPaper_20201202/12af3d67e35a1a7b17a7ff8 
370e2044608adfd07

22.	 United Nations Framework Convention on 
Climate Change. The Paris agreement [Internet]. 
Paris: UNFCCC; 2015 [Accessed 20th February 
2026]. Available from: https://unfccc.int/sites/
default/files/english_paris_agreement.pdf

23.	 United Nations. Paris agreement – treaty 
collection [Internet]. New York: United Nations 
Treaty Collection; [Accessed 26th September 
2025]. Available from: https://treaties.un.org/
Pages/ViewDetails.aspx?src=TREATY&mtdsg_
no=XXVII-7-d&chapter=27&clang=_en



25 | ROYAL SOCIETY TE APĀRANGI

24.	 Ministry for the Environment. Our journey towards 
net zero: New Zealand’s second emissions 
reduction plan 2026-2030 Tā Aotearoa mahere 
whakaheke tukunga tuarua. 2024 Dec.

25.	 Calvin K, Dasgupta D, Krinner G, Mukherji A, 
Thorne PW, Trisos C, et al. Climate change 2023: 
Synthesis report.. First. Arias P, Bustamante M, 
Elgizouli I, Flato G, Howden M, Méndez-Vallejo 
C, et al. (eds) 2023 July [Accessed 3rd June 
2026]. https://doi.org/10.59327/IPCC/AR6-
9789291691647

26.	 Edwards M, Geden O, Gidden MJ, Lamb WF, Minx 
JC, Nemet GF, et al. (eds.). The state of carbon 
dioxide removal. 3rd ed. 2026 [Accessed 4th June 
2026]. https://doi.org/10.17605/OSF.IO/ZRD65

27.	 IPCC. Carbon dioxide removal and carbon capture 
utilisation and storage in AR6 WGIII [Internet]. 
Geneva: IPCC; 2022 [Accessed 2nd March 2026]. 
Available from: https://www.ipcc.ch/report/ar6/
wg3/downloads/outreach/IPCC_AR6_WGIII_
Factsheet_CDR.pdf

28.	 Gruber N, Bakker DCE, DeVries T, Gregor L, Hauck 
J, Landschützer P, et al. Trends and variability in 
the ocean carbon sink. Nature Reviews Earth & 
Environment. 2023;4(2):119–134. https://doi.
org/10.1038/s43017-022-00381-x

29.	 NOAA Science Council. Carbon dioxide removal: 
NOAA state of the science factsheet [Internet]. 
Washington, D.C.: NOAA; 2024 [Accessed 3rd 
March 2026]. Available from: https://www.climate.
gov/news-features/understanding-climate/
carbon-dioxide-removal-noaa-state-science-
factsheet

30.	 Halland EK. Offshore storage of CO
2
 in Norway. 

In: Wilson M, Landrø M, Davis TL (eds.) Geophysics 
and geosequestration. Cambridge: Cambridge 
University Press; 2019. p. 195–208. https://doi.
org/10.1017/9781316480724.013

31.	 Smith SM, Geden O, Gidden MJ, Lamb WF, Nemet 
GF, Minx JC, et al. The state of carbon dioxide 
removal – 2nd edition [Internet]. 2024 [Accessed 
23rd May 2024]. Available from: https://osf.io/
f85qj/

32.	 Law CS, McLeod RJ. Is marine carbon dioxide 
removal right for Aotearoa New Zealand? New 
Zealand Journal of Marine and Freshwater 
Research. 2025;59(5):1341–1349. https://doi.org/1
0.1080/00288330.2025.2525174

33.	 Berger M, Comte A, Kwiatkowski L, Bopp 
L. Unaccountable counting: the folly of 
incorporating open ocean carbon sinks in 
Nationally Determined Contributions. Comptes 
Rendus. Géoscience. 2024;356(G1): 123–137. 
https://doi.org/10.5802/crgeos.271.

34.	 Ministry for the Environment. Our journey towards 
net zero: New Zealand’s second emissions 
reduction plan 2026–2030: amended January 
2026 [Internet]. Wellington: Ministry for the 
Environment; 2026 [Accessed 1st May 2026]. 
Available from: https://environment.govt.nz/
publications/new-zealands-second-emissions-
reduction-plan/

35.	 Lee CH, Subhas AV, Kim JH, Lee K. Ocean carbon 
dioxide removal and storage. Chemical Reviews. 
2026;126(2):1110–1144. https://doi.org/10.1021/
acs.chemrev.5c00433

36.	 Volk T, Hoffert MI. Ocean carbon pumps: analysis 
of relative strengths and efficiencies in ocean-
driven atmospheric CO

2
 changes. In: Sundquist 

ET, Broecker WS (eds.). The carbon cycle and 
atmospheric CO

2
: natural variations Archean to 

present. Washington, D.C.: American Geophysical 
Union; 1985. p. 99–110. https://doi.org/10.1029/
GM032p0099

37.	 National Oceanic and Atmospheric Administration. 
What is marine snow? [Internet]. Silver Spring 
(MD): NOAA; [Accessed 11th December 2025]. 
Available from: https://oceanservice.noaa.gov/
facts/marinesnow.html

38.	 Macreadie PI, Costa MDP, Atwood TB, Friess DA, 
Kelleway JJ, Kennedy H, et al. Blue carbon as a 
natural climate solution. Nature Reviews Earth & 
Environment. 2021;2(12):826–839. https://doi.
org/10.1038/s43017-021-00224-1

39.	 Duarte CM, Losada IJ, Hendriks IE, Mazarrasa I, 
Marbà N. The role of coastal plant communities 
for climate change mitigation and adaptation. 
Nature Climate Change. 2013;3(11):961–968. 
https://doi.org/10.1038/nclimate1970

40.	 Barbier EB. The protective service of mangrove 
ecosystems: A review of valuation methods. 
Marine Pollution Bulletin. 2016;109(2):676–681. 
https://doi.org/10.1016/j.marpolbul.2016.01.033

41.	 Menéndez P, Losada IJ, Torres-Ortega S, Narayan 
S, Beck MW. The global flood protection benefits 
of mangroves. Scientific Reports. 2020;10(1):4404. 
https://doi.org/10.1038/s41598-020-61136-6

42.	 Nguyen TT, Nguyen ANT, Prabhakar SVRK. 
Assessment of climate change related loss and 
damage on mangrove ecosystem: a case study in 
ca mau, Vietnam. Journal of Coastal Conservation. 
2024;28(2):47. https://doi.org/10.1007/s11852-
024-01037-2

43.	 Saintilan N, Khan NS, Ashe E, Kelleway JJ, 
Rogers K, Woodroffe CD, et al. Thresholds of 
mangrove survival under rapid sea level rise. 
Science. 2020;368(6495): 1118–1121. https://doi.
org/10.1126/science.aba2656

44.	 Hamlington BD, Bellas-Manley A, Willis JK, 
Fournier S, Vinogradova N, Nerem RS, et al. 
The rate of global sea level rise doubled during 
the past three decades. Communications Earth 
& Environment. 2024;5(1): 601. https://doi.
org/10.1038/s43247-024-01761-5

45.	 Filbee-Dexter K, Pessarrodona A, Pedersen MF, 
Wernberg T, Duarte CM, Assis J, et al. Carbon 
export from seaweed forests to deep ocean sinks. 
Nature Geoscience. 2024;17(6):552–559. https://
doi.org/10.1038/s41561-024-01449-7

46.	 Krause-Jensen D, Duarte CM. Substantial role 
of macroalgae in marine carbon sequestration. 
Nature Geoscience. 2016;9(10):737–742. https://
doi.org/10.1038/ngeo2790



MARINE CARBON DIOXIDE REMOVAL IN AOTEAROA NEW ZEALAND | 26 

47.	 Stewart-Sinclair PJ, Bulmer RH, Macpherson 
E, Lundquist CJ. Enabling coastal blue carbon 
in Aotearoa New Zealand: opportunities and 
challenges. Frontiers in Marine Science. 2024;11. 
https://doi.org/10.3389/fmars.2024.1290107

48.	 Dung LV, Tue NT, Nhuan MT, Omori K. Carbon 
storage in a restored mangrove forest in Can Gio 
Mangrove Forest Park, Mekong Delta, Vietnam. 
Forest Ecology and Management. 2016;380: 31–
40. https://doi.org/10.1016/j.foreco.2016.08.032

49.	 Jacobs, Environmental Accounting Services, 
Anderson Lloyd, Conservation International for 
The Nature Conservancy. Coastal wetland blue 
carbon policy research in Aotearoa. 2024 Aug.

50.	 Macreadie PI, Anton A, Raven JA, Beaumont 
N, Connolly RM, Friess DA, et al. The future of 
blue carbon science. Nature Communications. 
2019;10(1): 3998. https://doi.org/10.1038/s41467-
019-11693-w

51.	 Nam VN, Sasmito SD, Murdiyarso D, Purbopuspito 
J, MacKenzie RA. Carbon stocks in artificially 
and naturally regenerated mangrove ecosystems 
in the Mekong Delta. Wetlands Ecology and 
Management. 2016;24(2):231–244. https://doi.
org/10.1007/s11273-015-9479-2

52.	 Verra. VM0033 methodology for tidal wetland and 
seagrass restoration, v2.1 [Internet]. Washington, 
D.C.: Verra; [Accessed 8th January 2026]. Available 
from: https://verra.org/methodologies/vm0033-
methodology-for-tidal-wetland-and-seagrass-
restoration-v2-1/

53.	 Earthood Services Pvt Ltd. Plan Vivo agriculture 
and forestry carbon benefit assessment 
methodology report. 2023 Nov [Accessed 
8th January 2026]. https://www.planvivo.org/
Handlers/Download.ashx?IDMF=1dd30ea5-02b7-
438d-a1d7-0874b1f6c4f1

54.	 Plan Vivo Foundation. Mikoko Pamoja – Kenya 
[Internet]. Edinburgh: Plan Vivo Foundation; 
[Accessed 8th January 2026]. Available from: 
https://www.planvivo.org/mikoko-pamoja

55.	 Plan Vivo Foundation. Vanga – Kenya [Internet]. 
Edinburgh: Plan Vivo Foundation; [Accessed 8th 
January 2026]. Available from: https://www.
planvivo.org/vanga

56.	 Plan Vivo Foundation. Tahiry Honko – Madagascar 
[Internet]. Edinburgh: Plan Vivo Foundation; 
[Accessed 8th January 2026]. Available from: 
https://www.planvivo.org/tahiry-honko

57.	 Clean Energy Regulator. Tidal restoration of 
blue carbon ecosystems method [Internet]. 
Canberra: Clean Energy Regulator; [Accessed 8th 
January 2026]. Available from: https://cer.gov.au/
schemes/australian-carbon-credit-unit-scheme/
accu-scheme-methods/tidal-restoration-blue-
carbon-ecosystems-method#documents-and-
resources

58.	 Sunshine Coast Council. Blue Heart Sunshine 
Coast [Internet]. Maroochydore (QLD): Sunshine 
Coast Council; [Accessed 8th January 2026]. 
Available from: https://www.sunshinecoast.qld.
gov.au/council/planning-and-projects/major-
regional-projects/the-blue-heart

59.	 Hagger V, Stewart-Sinclair P, Rossini RA, Adame 
MF, Glamore W, Lavery P, et al. Lessons learned 
on the feasibility of coastal wetland restoration for 
blue carbon and co-benefits in Australia. Journal 
of Environmental Management. 2024;369: 122287. 
https://doi.org/10.1016/j.jenvman.2024.122287

60.	 The State of Queensland. Blue carbon in 
Queensland [Internet]. Brisbane: Queensland 
Government; [Accessed 8th January 2026]. 
Available from: https://www.qld.gov.au/
environment/climate/climate-change/land-
restoration-fund/growing-market/blue-carbon-
qld

61.	 Twomey AJ, Baker A, Waltham N, Lovelock CE. 
Calculating carbon: the value of information in 
precision for blue carbon restoration projects. 
Journal of Environmental Management. 
2024;370: 122657. https://doi.org/10.1016/j.
jenvman.2024.122657

62.	 National Science Challenges: Sustainable 
Seas. Tikanga, Te Tiriti o Waitangi and 
marine governance: Governance report and 
transitional options. 2024 June. https://www.
sustainableseaschallenge.co.nz/assets/dms/
Reports/Marine-governance/Tikanga-Te-Tiriti-o-
Waitangi-and-Marine-Governance.pdf [Accessed 
14th August 2026].

63.	 Pérez A, Machado W, Gutierrez D, Stokes D, 
Sanders L, Smoak JM, et al. Changes in organic 
carbon accumulation driven by mangrove 
expansion and deforestation in a New Zealand 
estuary. Estuarine, Coastal and Shelf Science. 
2017;192: 108–116. https://doi.org/10.1016/j.
ecss.2017.05.009

64.	 Bulmer RH, Stephenson F, Jones HFE, Townsend 
M, Hillman JR, Schwendenmann L, et al. Blue 
carbon stocks and cross-habitat subsidies. 
Frontiers in Marine Science. 2020;7. https://doi.
org/10.3389/fmars.2020.00380

65.	 GNS Science. Blue carbon potential of New 
Zealand coastal saltmarshes [Internet]. Lower 
Hutt: GNS Science; [Accessed 9th December 
2024]. Available from: https://www.gns.cri.nz/
research-projects/blue-carbon-potential-of-new-
zealand-coastal-saltmarshes/

66.	 GNS Science. New Zealand fjord sediment records 
– potential carbon sinks [Internet]. Lower Hutt: 
GNS Science; [Accessed 23rd October 2025]. 
Available from: https://www.gns.cri.nz/research-
projects/fjords-as-carbon-sinks/

67.	 Bianchi TS, Arndt S, Austin WEN, Benn DI, Bertrand 
S, Cui X, et al. Fjords as aquatic critical zones 
(ACZs). Earth-Science Reviews. 2020;203: 103145. 
https://doi.org/10.1016/j.earscirev.2020.103145

68.	 Hinojosa JL, Moy CM, Stirling CH, Wilson GS, 
Eglinton TI. Carbon cycling and burial in New 
Zealand’s fjords. Geochemistry, Geophysics, 
Geosystems. 2014;15(10):4047–4063. https://doi.
org/10.1002/2014GC005433

69.	 Pessarrodona A, Howard J, Pidgeon E, Wernberg 
T, Filbee-Dexter K. Carbon removal and climate 
change mitigation by seaweed farming: A state 
of knowledge review. Science of The Total 
Environment. 2024;918: 170525. https://doi.
org/10.1016/j.scitotenv.2024.170525



27 | ROYAL SOCIETY TE APĀRANGI

70.	 Clark D, Newcombe E, Clement D, Magnusson 
M, Lawton R, Glasson C, et al. Stocktake and 
characterisation of Aotearoa New Zealand’s 
seaweed sector: environmental effects of 
seaweed wild-harvest and aquaculture. 2021 Nov.

71.	 Bach LT, Tamsitt V, Gower J, Hurd CL, Raven 
JA, Boyd PW. Testing the climate intervention 
potential of ocean afforestation using the great 
Atlantic Sargassum belt. Nature Communications. 
2021;12(1):2556. https://doi.org/10.1038/s41467-
021-22837-2

72.	 NIWA. Research aims to quantify New Zealand’s 
blue carbon capacity of kelp seaweeds [Internet]. 
Wellington: NIWA; [Accessed 9th December 
2024]. Available from: https://niwa.co.nz/news/
research-aims-quantify-new-zealands-blue-
carbon-capacity-kelp-seaweeds

73.	 DeAngelo J, Saenz BT, Arzeno-Soltero IB, Frieder 
CA, Long MC, Hamman J, et al. Economic and 
biophysical limits to seaweed farming for climate 
change mitigation. Nature Plants. 2023;9(1):45–57. 
https://doi.org/10.1038/s41477-022-01305-9

74.	 Ross F, Tarbuck P, Macreadie PI. Seaweed 
afforestation at large-scales exclusively for 
carbon sequestration: Critical assessment of risks, 
viability and the state of knowledge. Frontiers in 
Marine Science. 2022;9. https://doi.org/10.3389/
fmars.2022.1015612

75.	 Troell M, Henriksson PJG, Buschmann AH, Chopin 
T, Quahe S. Farming the Ocean – seaweeds as 
a quick fix for the climate? Reviews in Fisheries 
Science & Aquaculture. 2023;31(3):285–295. 
https://doi.org/10.1080/23308249.2022.2048792

76.	 Chopin T, Costa-Pierce BA, Troell M, Hurd CL, 
Costello MJ, Backman S, et al. Deep-ocean 
seaweed dumping for carbon sequestration: 
questionable, risky, and not the best use of 
valuable biomass. One Earth. 2024;7(3):359–364. 
https://doi.org/10.1016/j.oneear.2024.01.013

77.	 Fujita R, Augyte S, Bender J, Brittingham P, 
Buschmann AH, Chalfin M, et al. Seaweed 
blue carbon: ready? or not? Marine Policy. 
2023;155: 105747. https://doi.org/10.1016/j.
marpol.2023.105747

78.	 Fakhraee M, Planavsky NJ. Seaweed farms 
enhance alkalinity production and carbon capture. 
Communications Sustainability. 2026;1(1):1. 
https://doi.org/10.1038/s44458-025-00004-8

79.	 Hurd CL, Law CS, Bach LT, Britton D, 
Hovenden M, Paine ER, et al. Forensic carbon 
accounting: assessing the role of seaweeds for 
carbon sequestration. Journal of Phycology. 
2022;58(3):347–363. https://doi.org/10.1111/
jpy.13249

80.	 Duarte CM, Delgado-Huertas A, Marti E, Gasser 
B, Martin IS, Cousteau A, et al. Carbon burial in 
sediments below seaweed farms matches that 
of Blue Carbon habitats. Nature Climate Change. 
2025;15(2):180–187. https://doi.org/10.1038/
s41558-024-02238-1

81.	 Gallagher JB, Shelamoff V, Layton C. Seaweed 
ecosystems may not mitigate CO

2
 emissions. ICES 

Journal of Marine Science. 2022;79(3):585–592. 
https://doi.org/10.1093/icesjms/fsac011

82.	 Troell M, Hurd C, Chopin T, Costa-Pierce BA, 
Costello MJ. Seaweeds for carbon dioxide removal 
(CDR)–Getting the science right. Benkeblia N (ed.) 
PLOS Climate. 2024;3(3):e0000377. https://doi.
org/10.1371/journal.pclm.0000377

83.	 Ross FWR, Boyd PW, Filbee-Dexter K, Watanabe K, 
Ortega A, Krause-Jensen D, et al. Potential role of 
seaweeds in climate change mitigation. Science of 
The Total Environment. 2023;885: 163699. https://
doi.org/10.1016/j.scitotenv.2023.163699

84.	 Boyd PW, Bach LT, Hurd CL, Paine E, Raven JA, 
Tamsitt V. Potential negative effects of ocean 
afforestation on offshore ecosystems. Nature 
Ecology & Evolution. 2022;6(6):675–683. https://
doi.org/10.1038/s41559-022-01722-1

85.	 Arzeno-Soltero IB, Saenz BT, Frieder CA, Long MC, 
DeAngelo J, Davis SJ, et al. Large global variations 
in the carbon dioxide removal potential of 
seaweed farming due to biophysical constraints. 
Communications Earth & Environment. 
2023;4(1):185. https://doi.org/10.1038/s43247-
023-00833-2

86.	 OCEANS 2050. About. https://oceans2050.com/
about [Accessed 13th August 2026].

87.	 United Nations Department of Economic and 
Social Affairs. Health of oceans to soil to humans 
– Project Tanah Air in Singapore: advancing blue 
carbon sequestration & seaweed bioremediation 
to aid sustainable agriculture of traditional Asian 
herbs through nature-based solutions. https://
sdgs.un.org/partnerships/health-oceans-soil-
humans-project-tanah-air-singapore-advancing-
blue-carbon [Accessed 4th June 2026].

88.	 Sustainable Seas National Science Challenge. 
Seaweed sector framework [Internet]. 
Wellington: Sustainable Seas; [Accessed 23rd 
October 2025]. Available from: https://www.
sustainableseaschallenge.co.nz/tools-and-
resources/seaweed-sector-framework

89.	 Deinhart M, Brooks A, Smith L, D’Archino R, 
Hickson R, Zuccarello G, et al. Five genera-
specific eDNA assays to detect and quantify 
kelp sequestration in Aotearoa’s deep-sea 
environments – eDNA conference. In: Wellington: 
Southern eDNA Society; 2025. https://
ednaconference.com.au/5595 [Accessed 23rd 
October 2025].

90.	 Anglès d’Auriac MBB, Ørberg SB, Borgersen G, 
Gundersen H, Matsson S, Markussen Bjorbækmo 
MF, et al. Tracing species-specific kelp eDNA in 
marine sediments for blue carbon assessment 
along the Norwegian coast. Frontiers in Marine 
Science. 2026;13. https://doi.org/10.3389/
fmars.2026.1784926

91.	 Moore CM, Mills MM, Arrigo KR, Berman-Frank I, 
Bopp L, Boyd PW, et al. Processes and patterns of 
oceanic nutrient limitation. Nature Geoscience. 
2013;6(9): 701–710. https://doi.org/10.1038/
ngeo1765

92.	 Wallace DWR, Law CS, Boyd PW, Collos Y, Croot 
P, Denman K, et al. Ocean fertilization: a scientific 
summary for policy makers. IOC/UNESCO, Paris. 
Report number: IOC/BRO/2010/2. 2010. https://
unesdoc.unesco.org/ark:/48223/pf0000190674/ 
[Accessed 4th February 2025].



MARINE CARBON DIOXIDE REMOVAL IN AOTEAROA NEW ZEALAND | 28 

93.	 Hamme RC, Webley PW, Crawford WR, 
Whitney FA, DeGrandpre MD, Emerson SR, et al. 
Volcanic ash fuels anomalous plankton bloom 
in subarctic northeast Pacific. Geophysical 
Research Letters. 2010;37(19). https://doi.
org/10.1029/2010GL044629

94.	 Martin JH. Glacial-interglacial CO
2
 change: the 

iron hypothesis. Paleoceanography. 1990;5(1): 
1–13. https://doi.org/10.1029/PA005i001p00001

95.	 Boyd PW, Jickells T, Law CS, Blain S, Boyle EA, 
Buesseler KO, et al. Mesoscale Iron enrichment 
experiments 1993-2005: synthesis and future 
directions. Science. 2007;315(5812):612–617. 
https://doi.org/10.1126/science.1131669

96.	 de Baar HJW, Boyd PW, Coale KH, Landry 
MR, Tsuda A, Assmy P, et al. Synthesis of iron 
fertilization experiments: from the Iron age in the 
age of enlightenment. Journal of Geophysical 
Research: Oceans. 2005;110(C9). https://doi.
org/10.1029/2004JC002601

97.	 Buesseler KO, Bianchi D, Chai F, Cullen JT, Estapa 
M, Hawco N, et al. Next steps for assessing 
ocean iron fertilization for marine carbon dioxide 
removal. Frontiers in Climate. 2024;6. https://doi.
org/10.3389/fclim.2024.1430957

98.	 Bates S, Léger C, Satchwell M, Boyer G. The 
effects of iron on domoic acid production by 
Pseudo-nitzschia multiseries. In: Proceedings 
of the 9th International Conference on Harmful 
Algal Blooms, Hobart, Tasmania. Paris: Intergov. 
Oceanogr. Comm.; 2001. p. 320–323.

99.	 Royal Society of London. Geoengineering the 
climate: science, governance and uncertainty. 
London: Royal Society; 2009. Report No.: RS 
Policy document 10/09.

100.	Tagliabue A, Twining BS, Barrier N, Maury O, 
Berger M, Bopp L. Ocean iron fertilization may 
amplify climate change pressures on marine 
animal biomass for limited climate benefit. Global 
Change Biology. 2023;29(18):5250–5260. https://
doi.org/10.1111/gcb.16854

101.	 Boettcher M, Chai F, Conathan M, Cooley S, 
Keller D, Klinsky S, et al. A code of conduct 
for marine carbon dioxide removal research 
[Internet]. Washington, D.C.: Aspen Institute; 2023 
Nov [Accessed 22nd July 2026]. Available from: 
https://www.aspeninstitute.org/wp-content/
uploads/2025/05/110223_Code-of-Conduct_
FINAL2.pdf

102.	Burns W, Boyd PW. Marine-based carbon dioxide 
removal: the promise and perils of ocean 
fertilization. In: Lackner M, Sajjadi B, Chen W (eds.) 
Handbook of Climate Change Mitigation and 
Adaptation. Springer, New York, NY; 2024. p. 1–41. 
https://doi.org/10.1007/978-1-4614-6431-0_195-
1. [Accessed 12th November 2025].

103.	International Maritime Organization. 45th 
consultative meeting of contracting parties to 
the London Convention and the 18th meeting of 
contracting parties to the London Protocol (LC 
45/LP 18) [Internet]. London: IMO; 2023 [Accessed 
23rd October 2025]. Available from: https://www.
imo.org/en/mediacentre/meetingsummaries/
pages/lc-45-lp-18.aspx

104.	Buesseler KO, Bianchi D, Burns W, Chai 
F, Cullen JT, Estapa M, et al. The case for 
ocean iron fertilization field trials. Dialogues 
on Climate Change. 2026; https://doi.
org/10.1177/29768659261420631

105.	Boucher O, Forster PM, Gruber N, Ha-Duong 
M, Lawrence MG, Lenton TM, et al. Rethinking 
climate engineering categorization in the context 
of climate change mitigation and adaptation. 
WIREs Climate Change. 2014;5(1): 23–35. https://
doi.org/10.1002/wcc.261

106.	Siegert M, Sevestre H, Bentley MJ, Brigham-Grette 
J, Burgess H, Buzzard S, et al. Safeguarding the 
polar regions from dangerous geoengineering: 
a critical assessment of proposed concepts 
and future prospects. Frontiers in Science. 
2025;3:1527393. https://doi.org/10.3389/
fsci.2025.1527393

107.	 Sovacool BK. Reckless or righteous? reviewing 
the sociotechnical benefits and risks of climate 
change geoengineering. Energy Strategy Reviews. 
2021;35: 100656. https://doi.org/10.1016/j.
esr.2021.100656

108.	Centre for International Law. 2013 amendment to 
the London Protocol to regulate the placement 
of matter for ocean fertilization and other marine 
geoengineering activities [Internet]. Singapore: 
National University of Singapore; [Accessed 12th 
November 2025]. Available from: https://cil.nus.
edu.sg/databasecil/2013-amendment-to-the-
1996-protocol-to-the-London-convention-to-
regulate-marine-geoengineering-2/

109.	Scott KN. From ocean dumping to marine 
geoengineering: the evolution of the 
London Regime. In: Research Handbook 
on International Marine Environmental Law. 
Cheltenham, UK: Edward Elgar Publishing; 
2023. p. 240–263. https://www.elgaronline.
com/edcollchap/book/9781789909081/book-
part-9781789909081-19.xml [Accessed 17th July 
2026].

110.	 Boyd PW, Watson AJ, Law CS, Abraham ER, Trull 
T, Murdoch R, et al. A mesoscale phytoplankton 
bloom in the polar Southern Ocean stimulated 
by iron fertilization. Nature. 2000;407(6805): 
695–702. https://doi.org/10.1038/35037500

111.	 Rohr T. Southern Ocean iron fertilization: an 
argument against commercialization but for 
continued research amidst lingering uncertainty. 
Journal of Science Policy & Governance. 
2019;15(1). https://doi.org/10.38126/JSPG150114

112.	 National Academies of Sciences, Engineering, 
and Medicine. Ocean alkalinity enhancement. In: 
A Research Strategy for Ocean-based Carbon 
Dioxide Removal and Sequestration. Washington, 
D.C.: The National Academies Press; 2022. p. 
181–207. https://doi.org/10.17226/26278

113.	 Eisaman MD, Geilert S, Renforth P, Bastianini L, 
Campbell J, Dale AW, et al. Assessing the technical 
aspects of ocean-alkalinity-enhancement 
approaches. State of the Planet. 2023;2-
oae2023: 1–29. https://doi.org/10.5194/sp-2-
oae2023-3-2023



29 | ROYAL SOCIETY TE APĀRANGI

114.	 Bach LT, Gill SJ, Rickaby REM, Gore S, Renforth 
P. CO

2
 removal with enhanced weathering and 

ocean alkalinity enhancement: potential risks 
and co-benefits for marine pelagic ecosystems. 
Frontiers in Climate. 2019;1. https://doi.
org/10.3389/fclim.2019.00007

115.	 Renforth P, Henderson G. Assessing ocean 
alkalinity for carbon sequestration. Reviews of 
Geophysics. 2017;55(3):636–674. https://doi.
org/10.1002/2016RG000533

116.	 Oschlies A, Bach LT, Rickaby REM, Satterfield 
T, Webb R, Gattuso JP. Climate targets, carbon 
dioxide removal, and the potential role of ocean 
alkalinity enhancement. State of the Planet. 
2023;2-oae2023: 1–9. https://doi.org/10.5194/sp-
2-oae2023-1-2023

117.	 Barbarossa V, Schipper AM, Andringa I, van 
Oorschot M, Sonter LJ, Marques A. The many 
pathways of mining impacts on biodiversity. 
Conservation Letters. 2026;19(1):e70000. 
doi:10.1111/con4.70000

118.	 Bach LT, Ferderer AJ, LaRoche J, Schulz 
KG. Ocean alkalinity enhancement pelagic 
impact intercomparison project (OAEPIIP). 
Biogeosciences. 2024;21(16):3665–3676. https://
doi.org/10.5194/bg-21-3665-2024

119.	 Subhas A, Michel A, Chen K, Kim HH, Rheuban J, 
Wang AZ, et al. Preliminary results from LOC-
02, the first field trial studying the effectiveness 
and environmental impacts of ship-based ocean 
alkalinity enhancement using sodium hydroxide. 
In: AGU Fall Meeting; 2024; Washington, D.C. 
p. GC33E-0191 [Accessed 23rd July 2026]. 
Available from: https://ui.adsabs.harvard.edu/
abs/2024AGUFMGC33E0191S

120.	Subhas AV, Marx L, Reynolds S, Flohr A, Mawji 
EW, Brown PJ, et al. Microbial ecosystem 
responses to alkalinity enhancement in the 
North Atlantic Subtropical Gyre. Frontiers in 
Climate. 2022;4:784997. https://doi.org/10.3389/
fclim.2022.784997

121.	 Woods Hole Oceanographic Institution. The LOC-
NESS project [Internet]. Woods Hole (MA): WHOI; 
[Accessed 9th January 2026]. Available from: 
https://locness.whoi.edu/

122.	Grabb KC, Clevenger S, Findlay HS, Gurney-Smith 
H, Jewett EB, Kitch GD, et al. The importance 
of engagement with fisheries, aquaculture, 
and Indigenous communities in the planning 
and implementation of marine carbon dioxide 
removal (mCDR). ICES Journal of Marine Science. 
2025;82(12):fsaf198. https://doi.org/10.1093/
icesjms/fsaf198

123.	Woods Hole Oceanographic Institution. Results 
from the ocean alkalinity enhancement field 
trial [Internet]. Woods Hole (MA): WHOI; 2026 
[Accessed 14th July 2026]. Available from: https://
www.whoi.edu/press-room/news-release/oae-
prelim/

124.	Murray CS, Marx L, Aluru N, Wang ZA, Chen K, 
Kim HH, et al. The effects of elevated seawater 
pH and total alkalinity following dosing of sodium 
hydroxide in Calanus finmarchicus. ICES Journal 
of Marine Science. 2026;83(4):fsag057. https://doi.
org/10.1093/icesjms/fsag057

125.	Cornwall W. An alkaline solution. Science. 
2023;382(6674). https://doi.org/10.1126/science.
zn8487l

126.	Zabihihesari A, Burt W, Sonnichsen C, Motahari 
S, Whitworth A, Izett R, et al. High frequency in 
situ total alkalinity measurement for monitoring 
ocean alkalinity enhancement field trials. 
Communications Engineering. 2026;5(1):118. 
https://doi.org/10.1038/s44172-026-00665-w

127.	 Wang B, Laurent A, Pei Q, Sheng J, Atamanchuk 
D, Fennel K. Maximizing the detectability of Ocean 
alkalinity enhancement (OAE) while minimizing 
its exposure risks: insights from a numerical 
study. Earth’s Future. 2025;13(4):e2024EF005463. 
https://doi.org/10.1029/2024EF005463

128.	Yee RM, Musgrave R, Atamanchuk D, Dever 
M, Laurent A, Fennel K, et al. Tracer release 
experiments in Halifax Harbour and implications 
for coastal ocean alkalinity enhancement. 2026; 
https://doi.org/10.22541/essoar.15001904/v1

129.	Madlener A. The first OAE credits: an independent 
MRV review [Internet]. Washington, D.C.: Carbon 
to Sea Initiative; 2025 Nov 25 [Accessed 8th July 
2026]. Available from: https://www.carbontosea.
org/2025/11/25/an-independent-mrv-review-of-
the-first-oae-credits/

130.	Isometric. World’s first verified ocean alkalinity 
enhancement credits [Internet]. London: 
Isometric; [Accessed 8th July 2026]. Available 
from: https://isometric.com/writing-articles/
worlds-first-verified-ocean-alkalinity-
enhancement-credits

131.	 Isometric. How the world’s first ocean alkalinity 
enhancement credits were quantified [Internet]. 
London: Isometric; [Accessed 8th July 2026]. 
Available from: https://isometric.com/writing-
articles/quantifying-the-worlds-first-oae-credits

132.	Myridinas M, Fennel K, Laurent A, Sacchi R, 
Stoeckli A, Treyer K, et al. Prospective site-
specific life cycle assessment of ocean alkalinity 
enhancement. Environmental Research Letters. 
2026;21(8):084010. https://doi.org/10.1088/1748-
9326/ae5a4e

133.	Savoie AM, Ringham M, Torres Sanchez C, 
Carter BR, Dougherty S, Feely RA, et al. Novel 
field trial for ocean alkalinity enhancement 
using electrochemically derived aqueous 
alkalinity. Frontiers in Environmental Engineering. 
2025;4:1641277. https://doi.org/10.3389/
fenve.2025.1641277

134.	Wynn-Edwards CA, Dillon WDN, Akl J, Neill 
C, Anderson HJ, Lim HS, et al. Alkalinity 
enhancement with sodium hydroxide in coastal 
ocean waters. Scientific Reports. 2025;16(1):1842. 
https://doi.org/10.1038/s41598-025-31606-w

135.	NIWA. Catching marine carbon. https://niwa.
co.nz/research/natural-analogues-mCDR-
endeavour [Accessed 16th April 2026].

136.	Parker T. Bay of Plenty carbon trial could reveal a 
new way to tackle climate change. Bay of Plenty 
Times. 2022. https://www.nzherald.co.nz/bay-
of-plenty-times/news/bay-of-plenty-carbon-
trial-could-reveal-a-new-way-to-tackle-climate-



MARINE CARBON DIOXIDE REMOVAL IN AOTEAROA NEW ZEALAND | 30 

change/Y7PC3TG7U4ZPYXASX5RJTMXP3A/ 
[Accessed 11th June 2026].

137.	 National Academies of Sciences, Engineering, and 
Medicine. Artificial upwelling and downwelling. 
In: A Research Strategy for Ocean-based Carbon 
Dioxide Removal and Sequestration. Washington, 
D.C.: The National Academies Press; 2022. p. 
103–125. https://doi.org/10.17226/26278

138.	Baumann M, Taucher J, Paul AJ, Heinemann M, 
Vanharanta M, Bach LT, et al. Effect of intensity 
and mode of artificial upwelling on particle 
flux and carbon export. Frontiers in Marine 
Science. 2021;8. https://doi.org/10.3389/
fmars.2021.742142

139.	Jürchott M. Examine and quantifying the potential 
of artificial upwelling for its capacity for additional 
CO

2
 uptake and long-term storage in the ocean. 

2024. https://macau.uni-Kiel.de/receive/macau_
mods_00005451 [Accessed 23rd October 2025].

140.	Yao W, Morganti TM, Wu J, Borchers M, Anschütz 
A, Bednarz LK, et al. Exploring site-specific 
carbon dioxide removal options with storage or 
sequestration in the marine environment – the 
10 Mt CO

2
 yr−1 removal challenge for Germany. 

Earth’s Future. 2025;13(4):e2024EF004902. 
https://doi.org/10.1029/2024EF004902

141.	 GESAMP. High level review of a wide range of 
proposed marine geoengineering techniques. 
Boyd P, Vivian C (eds.). London: GESAMP; 2019 
[Accessed 7th February 2025]. Available from: 
https://doi.org/10.25607/OBP-1944

142.	Kreuzburg M, Baatz C, Bednarz L, Böttcher M, 
Merk C, Morganti T, et al. Unified aSsessment 
framework for proposed methods of MArine CDR 
and interim knowledge SYnthesiS (ASMASYS) 
[Internet]. Kiel: CDRmare; 2024 [Accessed 
23rd July 2026]. Available from: https://doi.
org/10.3289/CDRmare.37

143.	Sidik S. To combat climate change, companies 
bury plant waste at sea [Internet]. Science. 
2023;383(6678) [Accessed 23rd July 2026]. 
Available from: https://www.science.org/content/
article/combat-climate-change-companies-bury-
plant-waste-sea

144.	Talty A. How the next big thing in carbon removal 
sank without a trace [Internet]. Wired. 2025 
[Accessed 23rd July 2026]. Available from: https://
www.wired.com/story/how-the-next-big-thing-
in-carbon-removal-sunk-without-a-trace/

145.	Luo J, Xie Y, Hou MZ, Xiong Y, Wu X, Lüddeke CT, 
et al. Advances in subsea carbon dioxide utilization 
and storage. Energy Reviews. 2023;2(1): 100016. 
https://doi.org/10.1016/j.enrev.2023.100016

146.	Furre AK, Eiken O, Alnes H, Vevatne JN, Kiær AF. 
20 years of monitoring CO

2
-injection at Sleipner. 

Energy Procedia. 2017;114:3916–3926. https://doi.
org/10.1016/j.egypro.2017.03.1523 

147.	 Te Tiriti o Waitangi, The Treaty of Waitangi 
[Internet]. Wellington: Archives New Zealand; 
[Accessed 13th May 2020]. Available from: https://
archives.govt.nz/discover-our-stories/the-treaty-
of-waitangi

148.	Cortés Acosta S, Stancu C, Brown I, Bridger T. 
Encouraging restorative economies in Aotearoa 
New Zealand’s marine and coastal space. 
Sustainable Seas National Science Challenge; 2021 
Aug. https://backend.sustainableseaschallenge.
co.nz/assets/dms/Reports/Encouraging-
restorative-economies-in-NZ-/30082021-
Encouraging-restorative-economies-in-NZ-
update21Feb.pdf [Accessed 31st March 2026].

149.	Johnson M, Van Doorn E, Hilmi N, Marandino C, 
McDonald N, Thomas H, et al. Can coastal and 
marine carbon dioxide removal help to close the 
emissions gap? Scientific, legal, economic, and 
governance considerations. Elementa: Science of 
the Anthropocene. 2024;12(1): 00071. https://doi.
org/10.1525/elementa.2023.00071.

150.	Midlen A. Blue carbon as development – 
opportunity or risk for coastal communities? 
Ocean & Coastal Management. 2026;279: 108272. 
https://doi.org/10.1016/j.ocecoaman.2026.108272

151.	 New Zealand. Treaty of Waitangi (Fisheries Claims) 
Settlement Act 1992. Public Act 1992 No 121. 
Wellington: New Zealand Parliamentary Counsel 
Office; 1992. https://www.legislation.govt.nz/act/
public/1992/121/en/latest/ [Accessed 24th June 
2026].

152.	Stevens CL, Paul-Burke K, Russell P. Pūtahitanga: 
the intersection of western science and 
mātauranga Māori in the context of Aotearoa New 
Zealand’s physical oceanography. New Zealand 
Journal of Marine and Freshwater Research. 
2021;55(1): 249–263. https://doi.org/10.1080/002
88330.2019.1698621

153.	Ruru J. First laws: tikanga Māori in/and the law. 
Victoria University of Wellington Law Review. 
2018;49(2): 211–228. https://doi.org/10.26686/
vuwlr.v49i2.5321

154.	Durie ET. Custom law: address to the New 
Zealand Society for Legal and Social Philosophy. 
Victoria University of Wellington Law Review. 
1994;24(4): 325–332. https://doi.org/10.26686/
vuwlr.v24i4.6228

155.	 Tomas N. Māori concepts of rangatiratanga, 
kaitiakitanga, the environment and property right. 
In: Grinlinton D, Taylor P (eds) Property Rights and 
Sustainability: The Evolution of Property Rights 
to Meet Ecological Challenges. Leiden: Martinus 
Nijhoff; 2011.

156.	Macpherson E, Banwell J, Makgill R, Paul A. 
Trans-Tasman Resources v Taranaki-Whanganui 
Conservation Board [2021] NZSC 127: a new 
‘high-water mark’ for seabed mining. New Zealand 
Journal of Environmental Law. 2021;25: 277–291.

157.	 UN General Assembly. United Nations Declaration 
on the Rights of Indigenous Peoples. Report 
number: A/RES/61/295. 2007 Oct. https://
www.ohchr.org/en/indigenous-peoples/un-
declaration-rights-indigenous-peoples [Accessed 
2nd July 2025].

158.	Hazel JA, Tunui PM. Te Tiriti o Waitangi 
partnerships enhances research, science and 
innovation: National Science Challenges share 
their experiences. 2024 Jun.



31 | ROYAL SOCIETY TE APĀRANGI

159.	Waitangi Tribunal. Ko Aotearoa tēnei: a report into 
claims concerning New Zealand law and policy 
affecting Māori culture and identity, Te Taumata 
Tuatahi. Wellington: Legislation Direct; 2011.

160.	Cooley SR, Klinsky S, Morrow DR, Satterfield 
T. Sociotechnical considerations about ocean 
carbon dioxide removal. Annual Review of 
Marine Science. 2023;15(1): 41–66. https://doi.
org/10.1146/annurev-marine-032122-113850

161.	 Boettcher M, Brent K, Buck HJ, Low S, McLaren 
D, Mengis N. Navigating potential hype and 
opportunity in governing marine carbon removal. 
Frontiers in Climate. 2021;3:664456. https://doi.
org/10.3389/fclim.2021.664456

162.	Boyd P, Gattuso JP, Dai M, Legendre L, Satterfield 
T, Webb R. The need to explore the potential of 
marine CDR – a guide for policy makers. 2025 
Jan. https://doi.org/10.5281/zenodo.14692650

163.	Cox E, Spence E, Pidgeon N. Public perceptions 
of carbon dioxide removal in the United States 
and the United Kingdom. Nature Climate Change. 
2020;10(8): 744–749. https://doi.org/10.1038/
s41558-020-0823-z

164.	Dooley K, Pelz S, Norton A. Understanding 
land-based carbon dioxide removal in the 
context of the Rio Conventions. One Earth. 
2024;7(9): 1501–1514. https://doi.org/10.1016/j.
oneear.2024.08.009

165.	Elliott K. Geoengineering and the precautionary 
principle. International Journal of Applied 
Philosophy. 2010;24(2): 237–253. https://doi.
org/10.5840/ijap201024221

166.	Merk C, Pönitzsch G, Rehdanz K. Do climate 
engineering experts display moral-hazard 
behaviour? Climate Policy. 2019;19(2): 231–243. 
https://doi.org/10.1080/14693062.2018.1494534

167.	 Nawaz S, Lezaun J. Grappling with a sea change: 
tensions in expert imaginaries of marine carbon 
dioxide removal. Global Environmental Change. 
2024;85: 102806. https://doi.org/10.1016/j.
gloenvcha.2024.102806

168.	Röschel L, Neumann B. Ocean-based negative 
emissions technologies: a governance 
framework review. Frontiers in Marine Science. 
2023;10:995130. https://doi.org/10.3389/
fmars.2023.995130

169.	Scott KN. International law in the anthropocene: 
responding to the geoengineering challenge. 
Michigan Journal of International Law. 2013;34(2): 
309–358.



WHAKAPĀ MAI
CONNECT WITH US

ISBN: 978-1-877264-69-6

Except for figures, photos and the Society’s 
logo, expert advice papers are licensed under 
a Creative Commons 4.0 New Zealand License.

Please contact info@royalsociety.org.nz or visit 
the Society’s webpage for further information.

Published August 2026.

royalsociety.org.nz 

RoyalSocietyNZ 

@royalsocietynz 

RoyalSocietyNZ

https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers
https://www.royalsociety.org.nz/
https://www.facebook.com/RoyalSocietyNZ
https://www.instagram.com/royalsocietynz/
https://www.linkedin.com/company/royalsocietynz/

