
UC San Diego
Capstone Papers

Title
Blue Carbon and Kelp: Exploring the Potential of Macrocystis Pyrifera as an Emerging Blue 
Carbon Sink

Permalink
https://escholarship.org/uc/item/1jp443dk

Author
Stover, Katharine

Publication Date
2018-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1jp443dk
https://escholarship.org
http://www.cdlib.org/


 

 

 



 

1 
 

In completing this project, I gained valuable support from my capstone advisor, Dr. Brian Von 
Herzen, and other members of my capstone committee. Dr. Von Herzen has been instrumental in 
increasing the understanding of the potential of kelp and other macroalgae to improve the health 
of our oceans and reduce the impacts of climate change. Dr. Corey Gabriel has been a wonderful 
support and resource this year and Dr. Mark Merrifield has provided additional guidance.  

 
In addition, I am extremely grateful to my family and friends for their support in my second 
foray into grad school. In particular, my parents Charles and Katharine Stover and my sisters, 
Emily and Rebecca Stover, have been my confidants and cheerleaders. My cohort has been an 
amazing source of support and we have taught each other a lot. Lastly, I want to thank Justin 
Kita for his insight and constant support. 
 
 

 
 
 
 
 
  



 

2 
 

 
Contents 
Table of Figures ..................................................................................................................................... 3 

Abstract ................................................................................................................................................. 4 

Scope of Work and Project Motivation ................................................................................................. 4 

Introduction ........................................................................................................................................... 5 

Project Methodology ............................................................................................................................. 5 

Kelp forests ............................................................................................................................................ 6 

The Ocean Carbon Cycle ...................................................................................................................... 7 

The Role of Climate Change ............................................................................................................... 10 

Policy Frameworks .............................................................................................................................. 11 

Research Design Overview .................................................................................................................. 14 

Research Design ................................................................................................................................... 16 

References: ........................................................................................................................................... 20 

 
 
  



 

3 
 

Table of Figures 
Figure 1. Sediment core density off of the California coast within the United States EEZ. ........................ 6 
Figure 2. The Global Carbon Cycle. ......................................................................................................... 7 
Figure 3. Movement processes in a kelp forest. ........................................................................................ 8 
Figure 4. Location of marine and natural debris in the Monterey Canyon ................................................. 9 
Figure 5. Drift Kelp on a ship wreck on the sea floor off of the California coast. ...................................... 9 
Figure 6. Carbon export and sequestration from Kelp forests. ................................................................. 10 
Figure 7. Snorkeling/Scuba primary use sites, aquaculture lease sites, and seaweed harvest sites. ........... 14 
Figure 8. Concept model for blue carbon sequestration .......................................................................... 15 
Figure 9. Diagram of data types required for this project. ....................................................................... 18 
  



 

4 
 

Abstract 
This project examines the potential emergence and recognition of kelp forests as blue carbon 
sinks. A carbon sink is the long-term sequestration of carbon in a natural environment. This can 
refer to carbon storage in soil, forests, and deep sea sediments among other sources. Blue 
carbon is the term used to define the carbon sequestered by marine ecosystems. This project 
designs the research processes to assess the scientific and economic impacts of kelp as a 
potential blue carbon sink. To this end, this project includes a dynamic geodatabase and an app 
to connect with divers in a citizen science project. This project incorporates scientific, policy and 
economic research.  
 
Scope of Work and Project Motivation 
This project was inspired by the work of the Climate Foundation, a Woods Hole, Massachusetts, 
based nonprofit that focuses on regenerating collapsing ocean ecosystems, providing 
international food security and measuring associated CO2 export from the atmosphere and 
oceanic mixed layer into the middle and deep ocean. This project is at the nexus of climate 
science, ecosystem conservation, and new business development. It provides an opportunity to 
work with blue carbon certification models. My education and previous professional experience 
are in conservation and business. I am interested in this project for several reasons. There 
appears to be an opportunity to scale kelp production more quickly than other blue carbon 
ecosystems due to the rapid growth rate of the macroalgae and the development of offshore 
mariculture of kelp.  
 
The main deliverable of this project is a research design for presentation to practitioners for the 
study of kelp as a source of blue carbon. This includes an organizational plan to aggregate 
existing information, the design of a common data infrastructure, and the major questions to be 
addressed in the study.  This project is designed to bring stakeholders together and to create a 
platform for data sharing that will help to facilitate blue carbon research into many species of 
macroalgae. 
 
The second deliverable is a geodatabase to assist in prioritizing project sites for carbon 
sequestration research. This includes data that will influence site selection and prioritization of 
study sites on the California coast. The third deliverable is an app that promotes partnerships, is a 
platform for data collection from divers, and has a chat feature for practitioners.  
 
There is already a great deal of data on kelp ecosystems globally and several long-term 
ecosystem studies being conducted along the California coast. While specific study is needed to 
determine carbon sequestration, some of the data can be assembled from ongoing and past 
research. This project also explores the frameworks for blue carbon policy and economic 
valuation and how kelp might fit into a compatible framework. It makes sense to create a 
framework that builds upon the existing blue carbon frameworks.  
 
While this research is well beyond the scope of a one-year master’s program, I intend to keep 
working in this field after my graduation.  
 
This work was conducted as a Capstone Project for the Masters of Advanced Studies in Climate 
Science and Policy at Scripps Institution of Oceanography (SIO) in San Diego, California.  



 

5 
 

Introduction 
This project identifies a process to help address uncertainty in the mechanisms of carbon export 
from kelp forests. Science does not have a clear understanding of the local and remote carbon 
export from kelp beds (coastal and deep sea combined). Parts of the carbon sequestration 
mechanisms in kelp are well understood.  
 
The proposed research design includes mechanisms to aggregate and evaluate sediment core 
data, kelp biomass data, anecdotal data from scuba-site surveys, and data from ROV video/still 
images. As part of this project, I built a geodatabase. This geodatabase comprises biomass data, 
kelp range data, sediment core locations, locations of hypoxic events, among other data 
indicators.  
 
The proposed model includes both the wild populations and potential aquaculture operations. 
Initially, the focus of the project will be on southern California due to the high density of 
sediment cores and academic research on the kelp forests of the region. The next step of this 
project is to build the case for certification and set up monitoring networks for dynamic reporting 
of carbon export on an annual basis. 
 
I reviewed the existing science on carbon export in kelp, especially in reference to blue carbon 
certifications. I reviewed existing technologies for studying kelp ecosystems and ways that they 
could be used as part of a large-scale, cooperative research program. Given the long-term 
ecological research that is currently being conducted along the California coast, it makes sense to 
partner with existing studies and investigate areas where we can work from existing data sets. In 
order to aggregate data from existing studies, it makes sense to develop common databases for 
this project. To accomplish this integration, I have built an app for data collection from both 
scientists and recreational divers to populate a robust data set and encourage community 
involvement in the form of citizen science.  
 
Project Methodology 
I used Geographic Information Systems (GIS) analysis to interpret data sets of sediment core 
locations, oxygen-minimum zones, kelp range and other relevant data. I used ArcMap, QGIS, 
and Carto for mapping software and data visualization. The maps created from this analysis 
highlight the best sites for studying carbon export in kelp with the express purpose of facilitating 
site selection along the California coast and identifying existing data for study. Site selection is 
based upon the density of sediment cores in that location (an existing data set), the presence of 
active projects in the area (in order to work with existing ongoing research wherever possible), 
the use by recreational scuba divers (to facilitate data collection through citizen science), and the 
presence of low-oxygen conditions in some areas.  
 
Kelp forests are one of the most important ecosystems of the California coast and are heavily 
researched in the area. This region is ideal for my study and the existing data sets will help to 
reduce the time needed for this process.  
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Kelp forests  
 This project focused on Giant Kelp, 
macrocystis pyrifera, (subsequently referred to 
as kelp) and its impacts of kelp along the 
southern California coast. Kelp is a type of 
photosynthetic (and chemosynthetic for some 
deep water species) macroalgae that has a 
global range. It is found in the photic zone of 
the ocean which is approximately the first 30 
meters down from the surface in California 
waters. (Schiel & Foster, 2015) Some undersea 
kelp forests have been found as deep as 100 
meters in clear waters west of the Galapagos 
Islands. (Graham et al., 2007) The species can 
grow to 50 meters in height, with the top fronds 
floating stretching across the surface. Kelp has 
an estimated lifespan of 7 years. It affixes itself 
to rocky substrate with a holdfast which is 
structurally similar to a plant’s root system but 
does not transport nutrients. (Schiel & Foster, 
2015) It is one of the fastest-growing organisms 
on the planet, growing up to two feet per day. (Schiel & Foster, 2015) 
 
Kelp is abundant along the coast of California and its iconic forests provide the base habitat for 
much of its marine fauna. Its forests nurture the development of everything from sea stars to, 
indirectly, great white sharks through providing a food source in marine mammals This great 
aggregation of biodiversity is dependent upon Kelp’s net primary production and the habitat that 
the species provides. Kelp forest ecosystems are crucial nurseries and provide shelter for species 
from predators and storms.(Schiel & Foster, 2015) 
 
Kelp is predated upon by sea urchins and species of fish and invertebrates that graze upon it. Sea 
urchins are one of the main kelp predators and are particularly destructive because they eat the 
holdfast that keeps the kelp attached to the rocky substrate.  Sea stars and sea otters are both 
predators of sea urchins and thus maintain healthy kelp ecosystems. (Steneck et al., 2002) 
However, when the ecosystem goes out of balance, these urchins can get out of control, resulting 
in urchin barrens as are seen in Tasmania and northern California today.  These urchin barrens 
have contributed to loss of kelp forest (mostly bull kelp in northern California) cover exceeding 
90% in these regions. (Renshaw et al., 2017)(Krumhansl et al., 2016) 
 
While aggregations of kelp are called forests, it is not a vascular plant. Its cells lack lignin (a 
compound which gives plant cells structure and rigidity) which gives kelp greater flexibility for 
movement in ocean currents. (Trevathan-Tackett et al., 2015) This lack of lignin can mean that 
some kelp species may break down more quickly than woody biomass. However, the complexity 
of the hemicellulose and other molecules of some kelp species means that it is not quickly 
broken down in sediment or as a food source. (Trevathan-Tackett et al., 2015) 
 

Figure 1. Sediment core density off of the California coast 
within the United States EEZ.  



 

7 
 

Net primary production is the net chemical energy that is taken up by an ecosystem or a species. 
Kelp’s net primary production fluctuates more with biomass than seasonality and is used as a 
measurement of carbon export from the surrounding water.  (Reed et al., 2008) Here in southern 
California, kelp’s biomass reaches a high in late winter/early spring. (Bell et al ., 2015) Warmer 
waters are less nutrient-rich, correlating to the seasonal lows in biomass in the summer months in 
southern California. Ideal temperature for maximum growth of kelp is between five and twenty 
degrees Celsius. (Rodgers & Shears, 2016) 
 
Additional factors that affect kelp mortality are wave height and intensity. (Seymour et al., 1989) 
Changes in currents and water temperature related to El Nino Southern Oscillation (ENSO) 
fluctuations can cause loss of biomass in kelp. (Ramírez-Valdez et al., 2017) These factors are 
modeled to become more unpredictable in a changing ocean, which may lead to further loss of 
kelp forest biomass in the future. 
 
The Ocean Carbon Cycle 
The ocean provides innumerable functions for our planet’s inhabitants. Indeed, they make the 
planet habitable. Over half of the oxygen we depend upon (70 percent) comes from plankton in 
the ocean, and the majority of carbon is also sequestered in the world’s oceans currently. 
(NASA, 2010) The ocean is a crucial part of the global carbon cycle, which is the global flow of 
carbon through physical, chemical, and biological mechanisms. The ocean’s carbon cycle is 
crucial for the understanding of net primary production and carbon sequestration in kelp. The 
ocean and atmosphere are constantly exchanging gases and water vapor, and currents and 
weather patterns are closely linked. Carbon enters the upper ocean in the mixed layer through 
interchange of biological organisms, chemical reactions, precipitations, or the mechanical mixing 
of wave action. Carbon is taken up by microscopic organisms, both plant and animal, and larger 
photosynthetic macrophytes. 
 
Kelp pulls the carbon dioxide from the 
water in the photosynthesis process and 
incorporates it into its tissues. This carbon 
is then exported from the kelp in the form 
of particulate organic carbon (POC) or 
dissolved organic carbon. The carbon may 
be eaten, dissolve further (or be otherwise 
broken down by other animals or 
microbes), or become sequestered at this 
point. Sequestration is the state where the 
carbon is effectively kept out of the 
atmosphere for a period of time. This can 
mean burial in nearshore or deep ocean 
sediment or movement in deep ocean 
currents. The standard for blue carbon 
certification is 100 years. In particular, 
deep ocean circulation is crucial for the 
long-term removal of dissolved organic 
carbon (DOC) and particulate organic 

Figure 2. The Global Carbon Cycle. Image from NASA's webpage on the 
global carbon cycle. (NASA, 2010) 
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carbon (POC) from the atmosphere. This circulation is measured in terms of residence time, the 
time a substance is in a particular environment, for carbon dioxide. In the case of deep ocean 
circulation, this is on an approximate timescale over 500 years. (Pickard & Emery, 2013)  
 
Kelp forests are among the most productive ecosystems on the planet, with an estimated net 
primary production of between 1020-1960 Tera grams/year (1Tg=1012 g). (Krause-Jensen and 
Duarte 2016),  and the highest specific productivity of any ecosystem on the planet, fixing more 
than 2500 g/C/m2/year.(Cummings, 2005) They also reduce ocean acidification on a local scale, 
which can help shellfish with more effective shell formation. (Chan et al.,2016) Kelp and other 
macroalgae are also grown in aquaculture (also referred to as mariculture), either alone or in 
conjunction with fish or shellfish species. Aquaculture is an industry that is growing rapidly and 
an area of extensive research. The FAO estimates that macroalgal (seaweed) aquaculture makes 
up approximately 20% of global aquaculture production, with a value of $6.7 billion in 
2014.(FAO, 2016) The United Nations Food and 
Agricultural Organization stated that in 2014, more than 
8 million tons of kelp were harvested, valued at 
approximately $1.4 billion. (FAO, 2016.) In addition, 
the products derived from macroalgae have the potential 
to make positive environmental impacts on many fronts: 
methane emissions from cows, production of biofuel and 
pressure on some wild fisheries for components for 
animal feed. (FAO, 2016) 
 
The figure on the right from Gaylord et al. (2012), 
illustrates some of the ocean circulation and localized 
movements that affect kelp. These forests grow in 
coastal areas which can have powerful wave activity, in 
addition to upwelling, downwelling, and coastal 
currents. This movement, combined with predation 
activity such as that of sea urchins, can remove kelp 
plants from their holdfasts or pieces of the plants into the 
water column. Kelp has gas-filled floats called 
pneumatocysts which are filled with carbon monoxide or 
carbon dioxide, depending upon the species. These floats 
will allow kelp plants that have lost their connection to 
the substrate to form rafts (and thus potentially drift 
further away from the coast) and other pieces to float until 
they burst. 
 
 These pieces of kelp have several fates. Many of them are consumed by fish and other species, 
some sink and are buried in sediment, and others move down marine canyons to the deeper 
ocean. Marine canyons can be more turbulent due to dynamic currents, the movement of 
longshore currents and upwelling events. (Sumner & Paull, 2014) (De Leo, et al. 010) Storms  
 

Figure 3. Movement processes in a kelp forest.  
Image Source: Gaylord et al. (2012) 
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Top figure from (Brothers, ten Brink, Andrews, Chaytor, & Twichell, 2013) and bottom image  
from MBARI.(Schlining, 2006) 

Figure 4. Location of marine and natural debris in the Monterey Canyon ( 

Figure 5. Drift Kelp on a ship wreck on the sea floor off of the California coast. 
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are also crucial in moving kelp into deeper waters as these high-energy events may remove it 
from its holdfast or damage the macroalgae so that stalks and fronds sink. (Krause-Jensen & 
Duarte, 2016) 
 
In contrast to other blue carbon sources, carbon export in a kelp forest is not necessarily local 
and can be up to as many as hundreds of km away. It is achieved through burial in local 
sediment, remineralization in substrate, dissolution in water (which then must sink to the deep 
ocean) or burial in deep ocean sediments. Krause-Jensen and Duarte (2016) explore the role of 
macroalgae in carbon sequestration and the ocean currents that drive that movement. Wind plays 
a significant role in driving kelp movement at the surface, but also in the currents that move the 
kelp downwards in the water column until the pneumatocysts burst. (Krause-Jensen & Duarte, 
2016) The pneumatocysts can also degrade with age and grazing behavior and burst on their 
own. (Steneck et al., 2002)(Filbee-Dexter, 2016) I created the figure below from information 
from the Krause-Jensen and Duarte (2016) article to map out the carbon sequestration process in 
kelp beds. This figure does not incorporate the carbon that is lost to feeding as that carbon is not 
sequestered. It is useful to consider the role of kelp detritus (small pieces of kelp plants) that 
precipitate down the water column. Also, the goal ultimate goal of carbon export from kelp for 
blue carbon certification would be export to the 
deep sea sediments and sequestration there. The 
time horizon for deep ocean circulation is the 
longest of all of the currents, averaging about 
1000 years until that carbon would outcrop again 
– and thus interact with the atmosphere. The 
current UN standard for blue carbon certification 
is 100 years. Deep-ocean sequestration exceeds 
that time interval significantly. (Takahashi et al., 
2009) 
 
Kelp is not included in the current blue carbon 
standards for several reasons. There are high 
levels of uncertainty about the amount of carbon 
sequestered by kelp forests and what portions are 
sequestered in near-shore or offshore 
environments. In addition, standardized 
monitoring methodologies have yet to be 
developed.  
 
The Role of Climate Change 
 This project is closely connected to the impacts of 
and exploring potential mitigation options for 
climate change. It explores the roles of natural systems and their impacts on reducing the amount 
of carbon dioxide in the atmosphere.  It also explores the role of ecosystem services, and by 
extension, that of blue carbon sequestration. 
 
Our planet receives over two thirds of its oxygen from the oceans, and the oceans are a crucial 
sink for carbon dioxide. The oceans have trapped much of the heat from climate change thus far, 

Figure 6. Carbon export and sequestration from Kelp 
forests. Data from Krause-Jensen and Duarte (2016) 
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due to the high heat capacity of water.  Our oceans are changing dramatically as our climate and 
ocean chemistry changes. This affects biological processes and the ability of the oceans to act as 
a heat sink. Kelp can reduce ocean acidification on a localized basis and this help to maintain the 
health of shellfish and small invertebrates that live in its ecosystem. (Weatherdon, et al., 2016) 
 
Some regions have suffered a great loss of kelp biomass in response to warming ocean. Warmer 
waters tend to have lower nutrient levels, which is crucial for kelp growth. (Krumhansl et al., 
2016) In Tasmania, the water temperature has risen dramatically, resulting in a 95 percent loss of 
kelp in coastal waters.(NOAA & NASA, 2013) (Marzinelli et al., 2015) In addition, Kelp 
germination rates are reduced and spore mortality and dormancy increased with warmer waters 
and higher carbon dioxide levels in ocean waters. (Gaitán-Espitia et al., 2014) Kelp biomass is 
reduced and urchin growth rates are increased with warming temperatures, this increasing 
pressures on the forests, especially in low-latitude regions. (Provost et al., 2017) 
 
Policy Frameworks 
To understand blue carbon, one must first delve into biological economics. A key element of 
ecological economics is the concept of ecosystem services. It is defined as “the ecological 
characteristics, functions, or processes that directly or indirectly contribute to human wellbeing: 
that is, the benefits that people derive from functioning ecosystems”. (Costanza et al., 1997) 
Ecosystem services are a way to identify and model these benefits as players in the economy and 
as a part of the larger system. It also recognizes our indisputable connection to the natural world.  
 
The primary differentiation in types of ecosystem services is between use values and non-use 
values.  Use values can be described as direct and indirect. For example, a forest can provide 
direct benefits such as water or air filtration services. These ecosystem services can save humans 
the investment in the infrastructure for water treatment and also provide timber for construction.  
Direct value is the recreation value provided by many ecosystems and associated expenditures. 
In a local example, according to a 2016 National Park Service Report, visitors to the Channel 
Islands National Park spent over $22 million that year. (Cathy & Lynne, n.d.)  
 
Use and non-use values can be interwoven with cultural identity as in cases where a community 
has traditions connected to a specific species. In the case of southern California, our cold waters, 
surfing culture, and kelp forests are part of the collective identity of the state. This is shown in 
the high level of support for the marine protected areas in the state - the majority of which 
include kelp ecosystems. (Baldassare, Bonner, Kordus, & Lopes, 2017) These non-use values 
influence consumer and conservation decisions. 
 
Another core concept of ecosystem services is consumer willingness to pay. While the 
mechanisms for each of the values mentioned are different, all are ultimately dependent upon 
consumer demand and willingness to invest in those services.  For carbon credits, this can mean 
customers must buy credits to offset their own emissions or can voluntarily invest in projects that 
reduce the amount of greenhouse gases in the atmosphere.  
 
Ecosystem services valuations are dependent upon accurate and consistent measurement 
techniques and the ability to compare values across ecosystems.  The advent of big data analytics 
and improve computing power have greatly increased our ability to assess the changes in 
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ecosystems in a near real-time basis. Cooperation between monitoring organizations and data 
sharing agreements have also facilitated the integration of ecosystem services into mainstream 
economics. Remote sensing is integral in assisting accurate valuations in a way that helps to 
reduce uncertainty on the part of the consumer. These improvements in valuation techniques an 
ecosystem monitoring have also assisted policy makers in making more accurate damage 
assessments and understanding potential harms based upon decisions. 
 
One challenge presented by ecosystem services (and kelp as an emerging blue carbon sink) is 
that of reducing uncertainty. In payments for ecosystem services, the consumer or governance 
agency wants to be able to know what benefits they will receive from their investment. As in any 
long-term investment, an accurate assessment of the risk involved is crucial to proper pricing and 
valuation of that financial instrument. The most common valuation has been to use the social 
cost of carbon - a formula developed by the United States Environmental Protection Agency.  
Another aspect of uncertainty is reasonable predictability that an investment will continue to 
yield predictable results over time. In this case, it applies to whether blue carbon ecosystems will 
continue to sequester the same amount of carbon over time. The global change precipitated by 
our changing climate and acidifying ocean adds a greater degree of uncertainty to this 
sequestration amount. 
 
Blue Carbon: Further Exploration 
Blue carbon is the carbon sequestered through aquatic ecosystems. It is currently certified under 
the United Nations for three ecosystems: saltwater marshes, mangrove forests, and seagrass 
meadows. Blue carbon policy has two parts: the biological mechanisms to capture and sequester 
carbon, and the export into the ecosystem. 

 
Blue carbon policy has evolved with the development of international standards, governing 
working groups, and improved monitoring mechanisms for carbon export. Other aspects of blue 
carbon policy are the development of markets to trade carbon credits and the ability to use the 
ecosystem services provided. The concept of carbon credits came out of the discipline of 
ecological economics.  

 
Blue carbon is a crucial resource in the fight against climate change. Seagrass meadows, 
mangroves, and tidal marshes provide a myriad of ecosystem and carbon sequestration benefits. 
These ecosystems capture and store more carbon than terrestrial forests. (Howard et al., 2017) In 
addition to the benefits that healthy blue carbon ecosystems provide, these ecosystems can 
become net carbon sources when they are degraded. For the three certified blue carbon sink 
ecosystem types, carbon is locally exported into surrounding. This local export means that when 
the sediment is disturbed and loses its natural components (i.e. mangroves are cut down and 
bulldozed) there is a net off gassing of greenhouse gases. Thus, destroying blue carbon 
ecosystems for development not only removes a carbon sink but creates a greenhouse gas source 
at the same time. (Howard et al., 2017) Kelp forests may not react the same way because the 
mechanisms of carbon sequestration in kelp are different and non-local. 
 
The key factors in developing blue carbon certifications are the ability to establish standardized 
measurements and quantify carbon exports from the ecosystems in question. The three existing 
blue carbon sinks have these measures established and monitoring protocols are applied. Once 
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the quantity of carbon sequestered is established and tracked annually, then credits can be sold 
which can be used to protect and improve that ecosystem. The carbon price is determined by the 
market or the social cost of carbon is used. The social cost of carbon was developed by the 
United States Environmental Protection Agency. (EPA, 2016) 

 
In order to integrate kelp into the blue carbon certification framework, it is necessary to create its 
own model of sequestration and mechanisms for assessment. (Krause-Jensen et al., 2018) Given 
that it has different ecosystem functions than the other blue carbon sinks, it makes sense to 
design a model that can work in tandem with other blue carbon valuation systems but that 
addresses the unique aspects of macroalgal ecosystems. This model will incorporate wild and 
aquaculture carbon sequestration and explicitly acknowledge where human interventions can 
play a part.  
 
Blue carbon policy was developed out of a partnership between economics and biology. Much of 
its advocacy and policy formulation has been from non-governmental organizations. Many of 
these organizations have a vested interest in creating financing mechanisms for conservation. 
Blue carbon serves as an effective vessel for protecting the myriad of other ecosystem services 
that these macrophytes provide.  Each of the current certified blue carbon sinks composes an 
ecosystem in itself. Kelp forest ecosystems are no different. Mangroves are the best studied blue 
carbon ecosystem and currently face large threats from aquaculture and development. Studying 
the carbon sequestration benefits, especially in the context of aiding countries in meeting their 
nationally determined contributions to international agreements, adds additional value to 
ecosystems under threat. There is also a general trend in conservation to move from conserving 
species to landscapes – as they are umbrellas for biodiversity conservation 
 
To frame the project, it is important to consider its three elements. First, it is assessing the carbon 
export from kelp in its native habitat along the California coast. Second are the economic 
formulas and carbon trading that help to set the value of sequestered carbon. Thirdly, the policy 
elements include directing countries to invest in their own natural infrastructure protection as 
part of their mitigation strategies and creating policies to promote information-sharing and 
investment in monitoring mechanisms. Specialized funding opportunities would also be 
extremely useful to this project.  
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Research Design Overview 
The main deliverable of this project is a research design, included as the second half of this 
report. This design is organized to collect existing data into a common data framework. It will 
also facilitate the cooperation of researchers to evaluate the amount of carbon that is sequestered 
by kelp in the local sediment and deep ocean currents. The current mechanisms of export are 
known, but there is a high level of uncertainty on the quantities of carbon sequestered. In 
addition, it is unknown whether there is regional or forest-level variation based upon local 
factors such as topography.  
 
Given this high level of uncertainty, it is useful to consider tools that may help with its reduction.  
Citizen science, satellite imagery analysis, sediment core analysis, the Argo floats and RFID 
tracking technologies could be useful in a larger research design. The use of the Hyperspectral 
Infrared Imager mission (HyspIRI) has been correlated with in-situ biomass measurements and 
may be a particularly useful tool for monitoring kelp forest changes over time, including 
seasonal variability. This project has also been used as part of a citizen science effort to identify 
satellite imagery of kelp forests. (Bell et al., 2015) 
 
As part of this project, I designed an app that can be used by scuba divers and scientists to upload 
their data into a geodatabase. This data will provide evidence of sediment cores, locations of 
sediment falls, and continue to populate the database for further analysis as described in the 
research design. In addition, scientist participation will be encouraged by the opportunity to win 
equipment from their labs, sponsored by companies. A citizen science project will document 
kelp burial in sediment on dive sites, providing location data and photographic evidence that can 
guide scientists’ inquiries. Satellite imagery analysis is already being used to assess biomass and 
track kelp forests extent from space. This research design plans to use RFID chips to track kelp 
rafts drifting offshore to get a better idea of where it might be sinking into deep ocean sediments. 
Finally, analysis of ROV footage can show kelp burial at depth and that process can begin by 
analyzing existing footage.  
 

Figure 7. Snorkeling/Scuba primary use sites, aquaculture lease sites, and seaweed harvest sites.            
Data Source: NOAA California Ocean Uses Database 
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Hamel and Bryant (2017) advocate for the integration of uncertainty analyses into models of 
ecosystem services. This is due to ongoing issues with data quality and the challenges of 
communicating spatial model results with stakeholders.(Hamel & Bryant, 2015) The author’s 
recommendations are crucial in the context of assessing kelp’s role as a potential blue carbon 
sink. They conclude that “ultimately it is the responsibility of leaders of ES assessments to build 
in resources for consideration of uncertainty, recognizing that where resources cannot be 
expanded, resources should perhaps be reallocated to allow for uncertainty assessment of less 
intricate modeling efforts.” (Hamel & Bryant, 2015) 
 
The model that I have created is a step to couple the certification system (policy and economic 
framework) with that of the natural system. For this purpose, I am considering aquaculture a part 
of the natural system, even though it is driven by human activity. The photosynthesis and carbon 
fixation are the natural mechanisms that I am interested in. Given that the natural system has two 
components for the purpose of carbon sequestration I designed them in parallel and indicated the 
areas of greatest uncertainty. These areas are shown in red in the figure above.  I also included a 
need for further research as a part of the system as I intend for the final model to be one that can 
evolve with new scientific and policy information.  

 
Figure 8. Concept model for blue carbon sequestration by Kelp forests and kelp aquaculture operations. 
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Another, more complex aspect of the model is that it may only be possible to account for carbon 
sequestration by macroalgae under certain conditions. Any certification mechanism relies on 
replicable measurements and the ability to scale criteria reliably across different ecosystem units  
of the same type. It may only be possible to track biomass changes and extrapolate carbon 
sequestration locally or through marine canyons once that relationship is better quantified. 
(Krause-Jensen et al., 2018) It is my opinion that this would still comprise a valid carbon sink 
worthy of a certification mechanism. Even if it is a more limited amount of carbon than the total 
amount sequestered by kelp, it would still provide a mechanism for conservation financing. In 
addition, the blue carbon credits that might be obtained through modified kelp aquaculture could 
be used as financing mechanisms for new companies and an incentive for small island 
developing states to utilize their exclusive economic zones for climate change mitigation actions.  
 
Research Design 
A key research question for this project is how much carbon is sequestered by Macrocystis 
pyrifera. This question is complex. There are existing estimates as referenced previously in this 
paper. The issue is that these estimates are paired with high levels of uncertainty. In order to 
understand the amounts in question, (and any potential variation between ecosystem conditions), 
it is necessary to gather a larger pool of data and analyze collectively. To achieve this, it will be 
helpful to aggregate data from all along the California coast.  
 
This study will take six months for organizational development, building the information 
architecture and stakeholder meetings; two years for data collection; and a third year for data 
analysis and development of a certification framework for kelp-derived carbon stocks. The 
greatest portion of time for this study will be spent on working with stakeholders and making 
sure that data can be aggregated in a useable fashion in a manner that is convenient for 
participants. Building a common data format can be accomplished with several existing 
platforms. The most important factor is the ease of uploading data or the ability of the platform 
to interface with common data platforms used by researchers.  
 
For this study, I conducted geospatial research to identify the most appropriate locations for 
research. The California coast is within the natural range of Macrocystis pyrifera, has a high 
density of sediment cores, and is the home to several ocean research institutions. This makes this 
coastline a great site for studying carbon export in kelp. There are high-quality data sets in 
existence and a large array of monitoring technologies already in use. In addition, there are 
several marine canyons and anoxic zones along the coastline, which each may play crucial roles 
in carbon sequestration from kelp forest ecosystems.  
 
In order to understand the magnitude of potential contributions to carbon sequestration from kelp 
ecosystems, there are several additional questions that must be answered.  

• How much carbon is sequestered in local sediments? 
• How much carbon is sequestered in the deep ocean? 
• What is the length of time that the carbon is sequestered for in each ecosystem? 
• What carbon can potentially be sequestered in kelp mariculture? 
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The data for many of these analyses exists or can be collected 
through ongoing research on ecosystem health. For near-shore 
analyses, this study can build off of existing sediment cores and 
aggregate new data over time.  
 
The overall challenge of this study is how to build frameworks to 
collect the data from a dispersed group of researchers along the 
coast of California. The goals of this project are to understand if 
kelp sequesters carbon on a time scale relevant to the blue carbon 
certification framework (100 years), and if so, how much is 
sequestered. There are several technological innovations that can 
help with answering this question, along with aiding in the 
establishment of monitoring protocols for kelp’s carbon export.  
 
Site selection for this project has been facilitated by geospatial 
analysis, visualized in Carto, QGIS, and ArcGis. This database 
shows high densities of sediment cores in southern California, 
with other clusters of high densities in the San Francisco bay area 
and around Monterey. In addition, this geodatabase includes data 
sets for bottom substrate type, kelp range, and ocean acidification. 
The study area is coastal California, within the Federal exclusive 
economic zone (EEZ). While the vast majority of study sites will 
be in near-shore coastal areas, the EEZ parameter is included in 
case there are offshore aquaculture projects included in the future. In addition, there may be 
deep-sea carbon sequestration that occurs a greater distance from shore.  
 
It is necessary to gain concrete understanding of the mechanisms of carbon sequestration in kelp 
forests, and whether these effects are uniform. For this, we can draw upon existing research and 
build a common data infrastructure to gather sediment and ocean chemistry data. The goal is to 
combine existing databases with new measurements taken by researchers. In order to accomplish 
this for ocean sediment information, data will be pulled into a database (built off of the data sets 
in the existing geodatabase), and supplemented by periodic uploads and from the app, Kelp Me. 
The data that is sought for sediment cores is the following: the location of the sediment core, 
presence/absence of kelp, the chemical composition of the sediment (if available), depth of the 
core, the age of the sample, and any characteristics of the surrounding sediments. This 
information is requested in the Kelp Me app, and researchers are incentivized to participate 
through competition for the number of uploads attributed to their institution. These data sets will 
address questions around the local sediment burial portion.  
 
Another important piece of the puzzle in nearshore areas is the burial of kelp under sediment 
through storm, current or other ocean processes. This question will be addressed through two 
mechanisms. The first piece is a citizen science project working with scuba divers and dive shops 
in coastal California to document and upload images of kelp buried in sediment falls through the 
app, Kelp Me. The second is to use the footage from ROV image databases such as the one 
managed by MBARI to document kelp burial in sediment in nearshore, canyon and deep-sea 
environments.  
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Marine chemistry data will be pulled from 
the CalCofi and WOCE databases. This is 
most important at depth where particulate 
and dissolved organic carbon can be 
effectively sequestered in deep ocean 
currents because the overturning circulation 
is longer than the 100- year threshold for 
blue carbon certification.  
 
It is important to conduct this research with a 
focus on the potential replicability and 
scalability of any certification processes 
built into its framework. To this end, this 
project will engage with practitioners as a 
working group in the first 6 months of this 
study while the data infrastructure is being 
built. It is crucial to build upon the 
experience of those who evaluate these types 
of carbon sinks so that the standards we hope 
to meet can be built into the experiments to 
evaluate kelp in this context. To this end, 

working groups will oversee the study throughout its data collection and analysis phases.  
This project will be managed under one principal investigator and project managers at each 
participating institution. The majority of the logistical organization can be conducted through 
appropriate technological apps but will require the participation of three working groups. The 
first working group is that of scientists working on the carbon export research to local sediment, 
and then to the deep sea circulation and sediment. The second is a working group with blue 
carbon credit evaluators to ensure that the data collection mechanisms are consistent with the 
needs of monitoring protocols. The third is a policy working group that can build out monitoring 
protocols for kelp as an emerging blue carbon source. 
 
Next steps in this project include the following. First, identifying funding sources for this project. 
This will begin with posting the project on Kickstarter and crowd science, with funding goals of 
$150,000 for the first year of the project for salary support and building the data infrastructure. 
This will occur simultaneously with the search for a home institution and fiscal sponsor, ideally 
one of the major ocean science research institutions in southern California. This institution would 
provide meeting space, outreach support, scientific guidance, and collaboration with scientists 
and graduate students.  
 
Another next step in the project is to formalize the citizen science project through partnerships 
with research institutions and nonprofits such as Reef Check California. This would provide 
access to a wider group of participants and enable the project to build upon best practices in 
citizen science research. A first meeting of partners and stakeholders would be held 
approximately 2 months into the project. At this meeting, the requirements for a common data 
infrastructure would be clarified, as well as a deeper discussion of challenges/opportunities of 

Figure 9. Diagram of data types required for this project. 
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this the project. Upon finalization of the data and technological requirements, a hackathon will 
be held at 3 months into the project to build a mobile application for data uploads and an RFP 
would be released for the interactive geodatabase to be completed by 6 months into the project. 
At 6 months into the project, working groups would be established and meeting monthly, and the 
research methodologies drafted at 10 months into the project.  
 
During the first year, funds will be raised to support doctoral researchers, travel, meeting 
expenses, and ongoing support for technological infrastructure. This support is likely to come 
from foundations, businesses, and academic institutions. It is the goal of this project to complete 
data synthesis and policy recommendations by the fifth year of the project, a goal that can only 
be reached through collaborative research and distributed teams working efficiently. That 
requires institutional support and effective communication practices.  
 
This project presents an opportunity to gain greater understanding of the role of kelp in the 
global carbon cycle and the regulation of the impacts of anthropogenic emissions on our planet. 
It can build upon existing research and facilitate increasing cross-sectoral engagement between 
scientists, policy experts and the global carbon market. It presents an opportunity to merge 
entrepreneurial growth with innovative conservation financing mechanisms, whilst providing 
opportunities for coastal communities to invest directly in climate change mitigation in their own 
backyards.  
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