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“Where is that sea, that forest, that spot of land; that is not ransacked to gratify our palate? The very 
earth burdened with our buildings; not a river, not a mountain, escapes us. Oh, that there should be 

such boundless desires in our little bodies! … A bull contents himself with one meadow, and one forest 
is enough for a thousand elephants; but the little body of a man devours more than all other living 

creatures.”  
-Seneca the Younger (Roman Statesman and Philosopher), Of a Happy Life1  
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Executive Summary 

This project focused on the analysis of meat and seafood alternatives, in particular a study of 
sea greens, cell-based meats, and plant-based meats as three sustainable food alternatives.  

The client was the New York Seascape Program of the Wildlife Conservation Society. The 
Seascape program focuses on the New York Bight, a region that extends from the waters of Montauk to 
the southern tip of the New Jersey shore. The client’s objective was to be equipped with enough 
research and documentation on these solutions to be able to advocate (or not advocate) for each, 
particularly with regards to their impact on the marine region under their stewardship. The primary 
concern for this region is the blend of commercial, human, and natural activities occurring in the local 
marine environment. This area is critical to commercial activities and shipping while also being an 
important habitat for a wide variety of sea and land-based animals, which rely on it year-round as a 
primary habitat or as a critical route for seasonal migration patterns. 

To understand the full implications of the solutions researched, the team primarily focused on 
analyzing them through a life cycle assessment perspective. However, the team also ensured that the 
recommendations and conclusions would be related to the specific region and context in which the 
client operates, therefore providing actionable and comprehensive suggestions.  

The underlying desktop research covered six main themes for each of the three solutions, including: 
scientific background, environment, policy landscape, economics, health, and marketing. The extensive 
desktop research amounted to over 300 sources. This was also combined with 16 interviews with 
subject matter experts identified from the research.  

This analysis yielded the following conclusions: 
● Sea greens: The team recommends that NY Seascape incorporate messaging and educational 

content for seaweed as a healthy, highly functional food source. Significant environmental 
benefits include reduced ocean acidification, as sea greens can absorb significantly more CO2 
than land-based plants. Challenges include seaweed being mainly used as an ingredient and not 
as a full meal. Moreover, rising sea temperatures present a clear threat to the variety and 
resilience of growing certain species worldwide. 

● Cell-based Meats: The team’s findings concluded that cell-based meats cannot be fully 
recommended at this time given their experimental stage. However, some findings propose this 
as the most viable solution in the most extreme climate change scenarios, leading the team to 
suggest that WCS advocate for more robust studies as commercialization gets closer. 

● Plant-based Meats: Lastly, the team recommends that NY Seascape support messaging for 
plant-based meats given their significant environmental benefits in comparison to conventional 
beef. Select studies showed that carbon and water footprints are reduced by up to 90%, and 
energy usage up to 50%. The success of this solution in fast food restaurants also suggests that 
the scale of impact could be impressive globally. 

 

Methods & Project Scope 
The team was divided into two sub-groups. The first sub-group focused on ocean farmed sea 

greens research, and the second sub-group focused on cell- and plant-based meats. The two sub-groups 
then united as a full team to compare the findings of the research and formulate conclusions based on 
the analysis of all the data and information collected. 

Before commencing the research phase, the team wanted to ensure that the approach would be 
consistent and exhaustive, in order to grasp the most important aspects of each alternative food 
solution. Given the focus currently placed on the broader impacts of these solutions on natural and 
human systems, the team identified six key themes to investigate for each solution. This would ensure 
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that once the team analyzed and compared findings, there would be consistent and balanced sources in 
each theme. This process was facilitated by the creation of a virtual, searchable literature database, 
which included the source, title, author, summary, and key words from each of the sources identified.  
 
The six main themes on which the research focused were: 
● Scientific Background - growing methods and technologies 
● Environment - long vs. short term impacts, including carbon cycling, marine biodiversity, ocean 

acidification, and marine biochemistry 
● Health - nutritional benefits, health risks of consumption 
● Economics - supply, demand, pricing, production costs, economic returns, US and global market 
● Policy Landscape - regulations and funding mechanisms (government grants) 
● Marketing, Products, Producers and Key Players - list in appendix 

 
The research included both desktop literary research as well as phone and in-person interviews 

with subject matter experts. The desktop research mainly focused on peer-reviewed literature, select 
articles from popular and reputable media sources, as well as broader internet and general market 
research both online and in supermarkets and local food and beverage outlets.  

Throughout the desktop research process, the variety of sources yielded an extensive list of 
industry experts. The team then assembled a preliminary list of individuals to interview and submitted it 
to the client for approval. At this point the team reached out to individuals through email and conducted 
interviews over the course of two months. These were valuable points of contact, as some of the 
research topics are relatively novel in the scientific and economic landscape. The team was able to 
receive insightful information from both sides (sea greens and plant/cell-based meat) in order to have a 
more concrete overview of the state of the solutions.  

 
 

 
Introduction 

The world’s land and water resources are currently being exploited at unprecedented rates and, 
when combined with the impacts of anthropogenic climate change, this is putting dire pressure on 
global food systems. Food is a major contributor to climate change, as agriculture alone contributes to 
approximately 18% to 51% of humanity’s greenhouse gas emissions (see Appendix 1 for more 
information). The global food system, when taken as a whole, produces over a third of the world’s 
greenhouse-gas emissions.2  

Modern farming and fishing practices have come under scrutiny due to the substantial 
greenhouse gas emissions associated with cattle ranching specifically and the depletion of wild fish 
stocks. Meat production has an outsize impact on the environment, particularly beef with a climate 
footprint that is about five times as large as chicken, pork, or farmed fish (Appendix 2). Raising animals 
tends to utilize more land than growing crops, even without considering the land required to grow crops 
for feedstocks.3 Cow stomachs contain bacteria that helps to digest their plant-based diet but also 
produces methane, a potent contributor to climate change. Considering global fish stocks, the World 
Economic Forum reported that almost 90% of the Earth’s fish reserves were fully exploited, 
overexploited, or depleted.4 US annual per capita consumption of beef is approximately 55 pounds, 
dairy products 600 pounds, and seafood 15 pounds.5 Meat-based diets require a significantly larger 
amount of resources per calorie than vegetarian options, as approximately 2-15 kg of plants are 
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required to produce 1 kg of meat.6 Therefore, switching to a more plant-based diet can have a 
significant impact.  

There are many important nuances that must be studied and accounted for to understand the 
impact of meat on climate change and to develop solutions. Agricultural production systems vary 
substantially globally, feedstocks differ, and impacts of shifting diets must be calculated. For example, if 
rainforests are cleared for cattle ranching, it is much worse for climate change than farming on existing 
plains and pastureland. However, arriving at exact numbers for emissions calculations is difficult, as food 
systems are globalized with a range of stakeholders and linkages.7 

Through this report, the team sought to study three unique alternatives to current food 
systems: sea greens, cell-based meats, and plant-based meats. 

 

 

Sea Greens 
1. Background & Context 

Sea greens (defined below) have been utilized throughout history for a variety of applications 
including food consumption, in areas with substantial human development along coastal areas. Sea 
greens are beneficial across multiple industries and their nutritional value is particularly high. 

There are three major types of seaweed (red, green, and brown), with over 221 species that 
currently bring commercial value to the global market.8 Today, the overall sea green industry is worth 
more than $6 billion USD, with about 85% of this made up of food products developed for human 
consumption.9 There are also other aspects of sea greens that are utilized in other parts of society. For 
example, the common red seaweed extract carrageenan is used in the pet food, dairy, meat, and 
pharmaceutical industries.10 Sea greens offer benefits to society, whether it be with jobs to harvest 
them or nutritional value for human consumption.   
 

a. Definitions 
Sea greens, also referred to as sea vegetables or seaweeds, are plant and plant-like organisms 

that grow in ocean waters with the end goal of human consumption. Almost all sea greens consumed 
from the wild and farmed as vegetables by humans are seaweed, which consist of green (Chlorophyta), 
red (Rhodophyta), and brown (Phaeophyceae) marine macroalgae.11   

Macroalgae are multicellular, plant-like organisms that live attached to substrata such as rock or 
other hard surfaces in coastal areas, preferring shallower waters in intertidal to subtidal zones.12, 13 
Some do live in deeper waters, including species of red macroalgae. Phycoerythrin, a pigment that gives 
them their red color, aids in photosynthesis in poorly lit environments.14, 15  

Blue-green algae (Cyanophyta) are also referred to as seaweed, but are microalgae and usually 
consumed as supplements rather than as sea vegetables.16 There are examples of microalgae being 
added to smoothies and soups,17 such as spirulina (Spirulina spp.) in powdered form, showing an upward 
trend in consumption in the US.18 There is one example of a sea green consumed that is not seaweed 
(seen on many websites as the literature review was conducted), which are the large seeds of tape 
seagrass (Desmarestia ligulata) commonly eaten in Asia and Australia.19, 20 Seaweed is also used as a 
colloquial term referring to a wide range of marine plants and algae that grow in the ocean.21  

This report will mainly discuss green, red, and brown species of macroalgae as sea vegetables 
for human consumption. Prominent uses include consumption as dried sheets, wrapping for sushi, raw 
and picked, and ingredients in salads, soups, and smoothies. 
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b. Growing Methods & Production 
Much literature out of the US covers the cultivation of kelp, a variety of brown macroalgae 

native to the US East and West coasts. This is due to the presence of cool, nutrient-rich, and shallow 
waters ideal for their growth.22 Certain species of red macroalgae (Pyropia and Gracilaria) are also native 
to the US and are grown on small scales for commercial purposes in states such as California.23,24 Algae 
have different reproductive cycles across species including sexual reproduction, asexual reproduction, or 
alternating, and can be grown vegetatively where a new plant grows from a fragment of the parent 
plant.25  

 
 i.  Kelp farming in the US 
The following describes the most common methods for farming kelp in the US, which has been 

well documented by states like Maine, the largest producer of seaweed in the country. In summary, 
reproductive tissue are collected from wild populations of seaweed in the ocean, reproductive cells are 
extracted from tissue and fertilized in a laboratory (sexual reproduction), then those cells (sporophytes) 
are settled on strings and placed in the ocean to continue growing. Eventually, adult seaweed is 
harvested and processed depending on the method of consumption (dry or raw).  

In the New England region, the farming of kelp requires bringing fertilized cells from the lab 
(also referred to as sporophytes or seeds) into the ocean from late October to November, with 
harvesting of adult seaweed occurring from March to May.26 It is important to note that kelp’s natural 
life cycle produces one harvestable adult population per year,27 affecting when and how much seaweed 
can be harvested in regions such as the Northeast and Northwest coasts of the US. Kelp prefers cooler 
waters, and they begin to deteriorate in the summer months.28 See Appendix 3 for more detailed 
information about growing methods and production.  

The adult kelp have reproductive tissue that are collected in the ocean and brought to a 
laboratory for their reproductive cells to be extracted.29 A phycology expert interviewed from the 
Philippines discussed how collecting spores from wild populations promotes resilience to diseases and 
improved growth of farmed crops when compared to the use of vegetative cuttings, which eliminates 
the introduction of genetic variation that is essential to adaptation of changing environmental 
conditions.30  

After reproductive tissue are collected from the ocean, it is recommended to keep them cool 
(50° F), with processing occurring within hours of collection or else health and viability diminish.31 The 
tissue is processed and then placed in a saltwater tank under ideal conditions where spores can release 
spontaneously and look to settle on a surface such as nylon twine.32 In nature, this is typically rocks and 
cobble on the ocean floor. After fertilization occurs, they become sporophytes, and the twine is brought 
out to sea (under ideal conditions).33 Then, the nylon twine is wrapped around a line and sailed out to 
the appropriate depth where it is submerged and can continue to grow. Adult kelp grows blades up to 
10 m or larger.34  

While it is not necessary to monitor water conditions throughout the kelp growing season, the 
data can be useful for future decision-making in regard to farming. The parameters that affect the 
growth of seaweed include salinity, water temperature, nitrogen levels, and turbidity. Monitoring 
mostly focuses on the buoyancy of lines, since the stipe (stem) fills with air as it grows causing the lines 
to float, when they should be below water.35   

 
ii.  Benefits of Seaweed Farming 

No fertilizers or irrigation systems are needed to grow seaweed. Since they are photosynthetic, 
they utilize the carbon dioxide in ocean water to synthesize foods for growth, while absorbing nutrients 
such as phosphorus and nitrogen.36 Traditional land farming of vegetables requires fresh water for 
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irrigation and added fertilizers to meet certain yields, which can run-off into water bodies and degrade 
ecosystems. Excess nutrients from agricultural processes have resulted in algal blooms and fish die-offs, 
with increasing examples in the US with the Mississippi Watershed and Gulf of Mexico.37 Seaweed 
therefore shows the opportunity to be a resource efficient crop due to its minimal inputs while helping 
remediate the environment from current agricultural processes that result in consequences such as 
eutrophication. There is the added benefit that sea greens can also absorb excess carbon in oceans 
contributing to reduced acidification (elaborated more in the environmental section below). A concern 
in regard to its ability to absorb these nutrients would be the ingestion of elements harmful to human 
health such as heavy metals through consumption of seaweed (elaborated on more in health section). 

 
iii.  Methods of Ocean Cultivation 

  Once the sporophytes are settled on lines and ready to be set out into the ocean, they can be 
arranged in several formations, which are outlined in this section. Common methods of seaweed 
cultivation in the US are long-line and vertical methods. The long-line method consists of long, 
horizontal ropes suspended by buoys while anchored by moorings to the sea floor.38 This technique is 
used in water at depths of 4-10m, which requires the use of a boat for setting and harvesting.39   
 

 
Figure 1: Long-line method40 

 
The vertical method utilizes submerged vertical ropes tied to a long horizontal line, with parallel 

lines alternating between seaweed. It also goes by other names such as the “3D method” and 
“integrated aquaculture,” since most literature describes this seaweed farming method being paired 
with growing mollusks such as mussels and scallops, with options such as oyster cages anchoring ropes 
at the bottom.41, 42  
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Figure 2: Vertical method with integrated aquaculture43  

 
Other methods used in Asia and East Africa include “rock-based” growing, which ties the 

sporophyte to a rock at the bottom of the shore and “off-bottom,” which ties lines between posts 
(usually bamboo) closer to the sea bed and is ideal for lagoons.44 There is also the “raft method,” which 
starts from making a square frame out of bamboo or mangrove wood and stretching ropes inside the 
frame to which the seaweed is tied.45 It is anchored in about two places to the sea floor and more 
bamboo is tied to the frame to keep it from sinking.46 This particular technique is easier to implement at 
increased depths, which might see an increase in frequency in the near future as seaweed farms move 
further from the shore. The reason for this is to avoid diseases associated with warmer waters such as 
“ice-ice,” a bleaching of the seaweed due to physiological stresses related to fluctuations in temperature 
and salinity.47 Coastal waters have experienced warming due to climate change.48,49 
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Figure 3: Raft method of seaweed farming50 

 
These methods can be manually intensive, unlike the vertical and long-line methods which 

instead rely more heavily on the use of boats to place the lines. The intensity of manual labor for 
seaweed farming in South Asia is why sizes of farms are limited to 0.25 - 0.5 hectares in the Philippines 
for example, and have not been successful on larger commercial scales since it becomes expensive due 
to increased employment requirements.51 The topography of the environment is what ultimately 
influences the farming method, with shallower waters leading to the use of the off-bottom method for 
example, and the raft or long-line method used for deeper waters.52  

Best practices dictate that the length, width, and spacing between plots should not get too large 
or too close together. This is to prevent the seaweed from competing over nutrients with each other and 
other local species.53 While interviewing the sea corporation Atlantic Sea Farms, the first commercial 
seaweed farm in the US, they noted that the area of their multiple farms totaled 50 acres, with limited 
demand of kelp products restricting the amount of farmed area.54 There is currently a farm on the 
Connecticut side of the Long Island sound (part of East Coast Kelp Farms) that is as large as 50 acres, but 
the 12 lines present have spaces of 50 feet between them.55 Alaska, the second largest producer of 
seaweed has plots ranging from 0.2 acres to about 300 acres.56 The Catalina Sea Ranch, the first federal 
water kelp farm (also a polyculture farm using shellfish as food but algae as biofuel) off California’s coast 
is 100 acres.57 Overall, there are a large variety of plot sizes and it is clear that attempts are being made 
to increase plot size for commercial purposes whether it is for food or reasons such as biofuel, while 
space between lines is kept far enough to ensure successful yields.  

 
iv.  Seaweed Farming in New York Waters 

 In New York, ideal farming methods would most likely be those heavily practiced in the New 
England region already, including long-line and vertical methods with integrated aquaculture. Even 
though there are a wide variety of seaweeds in the region (for example, the Long Island sound has about 
250 alone),58 the most commonly farmed for human consumption are kelp species.  

There have been attempts In New York to farm red seaweed such as Gracilaria tikvahiae, which 
has shown to be successful in the North Atlantic. However, it grows during summer months when 
farmers are prioritizing their other main businesses such as shellfish farming. It also conflicts with 
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recreational boating and fishing in the summer.  This species experiences heavy biofouling, or the build-
up of microorganisms on a host. 59 In the case of seaweed, this typically happens if the harvest period is 
too long. When it occurs, it results in seaweed not fit for human consumption.60 

The Cornell Cooperative Extension of Suffolk County in collaboration with the University of 
Connecticut recently conducted a study in Long Island waters called the “Peconic Estuary Seaweed 
Aquaculture Feasibility Study,” assessing the viability of seaweed farming and gauging consumer interest 
in kelp.61 Six test sites were set up and it was determined that sites in Gardiner’s Bay and Long Beach 
were successful at producing impressive yields, while sites in Great Peconic Bay were not due to water 
temperature and quality that was not favorable (not similar to that of the Long Island sound where 
these species grow naturally).62 A research-based pilot project by Stony Brook University also started a 
kelp farm in Moriches Bay, NY, showing the excitement around pairing oyster farms with kelp to 
promote crop diversification, since yields were successful in shallow waters where oysters are farmed.63 
Two other sites were set up in Great South Bay and outside of Mount Sinai Harbor on Long Island to 
continue data collection in deeper waters.64  

In summary, it seems that certain locations around Long Island are favorable to farming sea 
greens and can serve populations in multiple ways aside from environmental remediation. Farming sea 
greens can also provide a food source and offer an opportunity for shellfish farmers and fishermen to 
make a supplementary income. Moving forward, it would be interesting to see the effects of scaled-up 
farms, especially if trends move towards deep-sea farming, and how that would change opportunities 
available to individuals, corporations, and the environment in and around the New York region. 
 

c. Market Size & Industry Trends  
When looking at the economic impact of the seaweed industry, there is a large global market 

growing 8% annually with good economic returns, although this may be inflated in developing markets 
by depressed wages. The supply is largely driven by small farmers, which is attractive for economic 
development in developing markets. Small-scale farmers have sustained a competitive advantage over 
large-scale commercial farms in most markets as the labor for seaweed cultivation must be highly 
flexible to work on the cyclical time-scale of tides, making it difficult to pay workers stable wages. 
Seaweed farming historically has also had a low capital and minimal technology requirements.65 Since 
much of the supply is produced in the winter months, it is complementary work for the fishing 
community, which is busier in the summer.66   

Current seaweed supply is concentrated in Asia. Globally, supply may be susceptible to negative 
impacts from climate change such as warmer sea temperatures or increased disease. Also, from a 
demand perspective, seaweed is highly dependent on Asian cuisine demand growth. The global market 
appears to be evolving, experimenting with larger-scale production and deep-sea cultivation instead of 
coastal, small lots. Demand is also slowly evolving as surveys show young consumers appreciate the 
health benefits of seaweed,67 but culinary experts are still looking for the right form to incorporate 
seaweed as a consistent part of western diets. Dried seaweed and fermented products appear to be a 
priority for commercial producers as they have a longer shelf life. A further analysis of the 
macroeconomics of seaweed can be found in Appendix 4.  

Food represents 46% of current seaweed demand on a volume basis, and seaweed extracts for 
food additives, cosmetics, and pharmaceuticals represents close to another 40% of demand.68 The 
largest non-food incremental demand potential is the use of seaweed as a biofuel. This is due to its 
estimated 100x higher productivity of gallons per acre than corn or soy biodiesel, and carbon-neutral 
potential as a transportation fuel. The US Department of Energy invested close to $50M in 2009 in the 
National Alliance for Advanced Biofuels and Bio-products (NAABB) to do over 100 peer-reviewed studies 
over 5 years. The goal was to develop a roadmap to take the cost of algae based biofuel from $33 per 
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gallon to $7.50 per gallon, which would support the DOE’s goal of reaching $3 per gallon by 2030.69 This 
price would need to reach approximately $1.50 per gallon to be cost competitive with gasoline.70 2019 
academic research estimates the current production cost of algae biodiesel at $5 to $16 per gallon 
(depending on the lipid content), so it is a long way from being economically viable.71 The costs of drying 
and finding a commercial use for the 70% of biomass byproducts that are proteins and carbohydrates 
represent the biggest economic impediments. 
 

i. US Market 
The US market for seaweed production remains small. Of the 10 states producing seaweed, the 

largest are producing hundreds of tons versus the 3.6M dry weight ton global market. These states 
include Maine, New York, Alaska, Connecticut, Washington, Oregon, New Hampshire, Massachusetts, 
Rhode Island, and California. Like developing countries, the economics look promising, but the volume 
of demand is small for the native seaweed species cultivated in the US so far.72  

Maine has among the most diversity of seaweed in the country with 12 species, but rockweed 
historically has dominated volume and sugar kelp has recently also become significant. Laver/nori, 
(Pyropia spp.) which is consumed in higher volumes in Asian cuisine, does not grow well in the region.73 
Alaria (Alaria esculenta), Rockweed/bladder wrack (Fucus vesiculosus), Rugosa (Galaxaura rugosa), and 
kelp (various genus and species in the order Laminariales) have also been wild harvested in Maine for 
some time.74 Sugar kelp (Saccharina latissima) is the predominant species farmed, with fewer biofouling 
problems than cultivating red seaweed such as Gracilaria. Successful production is thought to be very 
site-specific, with nutrient waters and appropriate temperatures the starting-point variables. 

New York State has the potential to be a top five market in the US, which can be concluded 
based on the team’s interviews with commercial participants in the shellfish market in New York and 
seaweed farmers in Connecticut.75 Connecticut seaweed farmers have already seen success in the Long 
Island Sound, and a recent academic study at Stony Brook illustrated impressive growth rates that were 
better than expected on the Long Island coast. New York City provides a large, high-demand market, and 
the New York government has been supportive of growing the localized food producer industry, so New 
York State grown seaweed would be advantaged. The growth of the seaweed industry would also 
provide augmented income for the shellfish fishermen on Long Island, as they are harvested in separate 
seasons using some of the same equipment. 
 

2. Impacts 
a. Environment  

i. Positive Environmental Impacts 
Seaweed cultivation provides various positive environmental impacts. The chart below provides 

World Bank Group’s data on how expanding seaweed cultivation would benefit the broader ecosystem 
in several ways: reducing ocean area and land usage, offering a new source of protein and oil, containing 
high biomass energy, removing phosphorus (P) and nitrogen (N), capturing carbon, and filtrating local 
water.76  
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Table 1: Environmental Impacts of Seaweed77 

 
Eutrophication is the excessive growth of algae when a body of water is overly enriched with 

nutrients, resulting in oxygen depletion and deteriorating water quality. When eutrophication-induced 
algae blooms occur near coastal areas, the microscopic algae produce toxins that kill fish, poison 
shellfish, and can even make the surrounding air difficult to breathe. Since algae blooms typically turn 
the water red, they are also known as “red tide.”78 Large scale seaweed cultivation can play a role in 
solving the coastal eutrophication problem. Two studies in China and Sweden show that cultivated 
seaweeds have a great potential to absorb Nitrogen (N), Phosphorous (P), and Carbon Dioxide (CO2), 
effectively mitigating eutrophication as well as preventing “red tide” microalgae in coastal areas.79,80  

As cultivated seaweeds absorb CO2 through photosynthesis, they are also considered a carbon 
sink and can help to mitigate global climate change. One study noted that when calculating the potential 
CO2 removal of seaweed, consideration of seaweed farming’s energy consumption is also needed. 
Therefore, these researchers divide the CO2 avoidance of wind farms by occupied seaweed farming 
areas, “corrected for 2% lifecycle CO2 emissions over a nominal 20 year life span of the turbines.”81 The 
results show that a seaweed farm’s potential CO2 sequestration (with about 1,500 tons CO2 per square 
km of the farm per year) is slightly higher than CO2 emissions avoided by offshore wind farms (with 
about 12,500 tons CO2 per square km of the wind farm per year).82 However, while the overall impact 
seaweed has on CO2 absorption is positive, another study suggests that the CO2 absorption by cultivated 
seaweed will only reach 6% of the global wild seaweed’s CO2 sequestration by 2050, which equals less 
than 40 million tons of CO2.83  

Seaweeds absorb dissolved CO2 (which elevates pH) and produce oxygen. Researchers estimate 
that the acidity of the ocean has increased 30% since the beginning of the Industrial Revolution and will 
increase 100-150% by the end of the century.84 Shellfish, in particular, are extremely sensitive to the pH 
level of coastal waters. Studies show that cultivated seaweeds have the potential to reduce ocean 
acidification and protect shellfish and local coral reefs. For example, one of the few corals still found in 
Florida, Cheeca Rocks, has seagrass beds nearby that lower the surrounding water’s acidity. 
Nevertheless, the impact of seaweed farming at a commercial scale still requires more study.   

Ocean scientists call kelp farming a zero-input food source as it does not require arable land. 
Cultivating seaweeds could further reduce GHG emissions by reducing arable land use.85, 86 
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ii. Negative Environmental Impacts 

The scale of seaweed cultivation is important to consider when discussing environmental 
impacts. On the positive side, one study calculates that one km2 of a seaweed farm can remove the 
annual Nitrogen inputs received by 17.8 km2 of Chinese coastal waters and the annual Phosphorus 
inputs received by 126.7 km2 of Chinese coastal waters. Figure 4 shows that Chinese seaweed 
aquaculture production, contributing over 2/3rd of global production, has already risen 7.7-fold from 
1978 to 2014 with a growth rate of about 8% per year.87  

 
Figure 4: Timeline of aquaculture seaweed production in China (1978–2014)88 

 
However, removing the total Nitrogen inputs to Chinese coastal waters would require a 

seaweed farming area 17 times larger than the current area, and removing the total Phosphorus inputs 
to Chinese coastal waters would require a seaweed farming area 1.5 times larger than the current 
area.89 The environmental impacts of such large-scale ecosystem change are unknown. It is also not 
clear how industrial-scale production of seaweed would alter nutrients in coastal regions and affect local 
ecosystems. It is possible that commercial-scale seaweed production could negatively impact the 
ecosystems by consuming nutrients used by existing plants and animals.  

Seaweeds tend to be an introduced species in many countries, which can then become invasive. 
For example, Japanese kelp (Undaria pinnatifida) is on the list of “100 of the World's Worst Invasive 
Alien Species.”90 The primary long-distance dispersion and introduction of Undaria were via accidental 
import with shellfish and on commercial vessels’ hulls. Once established in artificial substrates within 
anthropogenic habitats such as harbors, marinas, canals, or modified embayments, Undaria then spread 
into natural habitats.  

Seaweeds can also have negative physical effects on corals such as shading and abrasion. They 
can also release allelochemicals, which can alter the chemical environment to suppress beneficial or 
enhance detrimental microbes on coral surfaces and may enhance the coral’s susceptibility to 
pathogens. One study found that reefs are less diverse and more prone to decline when grown with 
abundant macroalgae, but this varies depending on the type of reef.91  

Commercial-scale seaweed production of one species could lower overall biodiversity of algae, 
which can allow parasites and pests to become more common. The use of stakes or anchors and 
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pollution and debris from abandoned equipment when cultivating seaweeds also have detrimental 
impacts on the ecosystem, and mammal entanglement is a concern.92,93 

As seaweeds are farmed in cooler waters, they are also becoming more susceptible to rising 
temperatures due to climate change. Under the RCP 2.6 climate model, which is the most optimistic 
scenario created by the IPCC, there is a 78% average loss of species, and projections for 2100 predict 
major poleward shifts for 13 of the 15 species of seaweed investigated.94  

 
b. Health 

i. Nutrition 
There are over 10,000 types of edible seaweed, but currently, nutritional analysis is only 

available on the most common varieties (a small subsection of this number). A more robust nutritional 
analysis of a wider variety of seaweed types is needed as seaweed consumption gains popularity.95 See 
Appendix 5 for more detailed nutritional information on six popular edible varieties.  

The nutritional human health impacts of seaweeds are diverse. They are often called a 
“superfood” because they contain high levels of nutrients and minerals for which deficiencies are 
common.96 For example, some varieties of seaweeds have more calcium than milk, more iron than red 
meat, more protein than soy, and are often better sources of minerals than meat, milk, eggs, and land 
plants.97 They are also low in calories,98 sodium,99 and contain high levels of fiber and protein100 (protein 
alone can account for up to 47% of the dry weight of macroalgae).101 The figure and table below display 
the percentage of the recommended daily value per person that one serving of seaweed provides for a 
variety of key nutrients.102 

 

 
Figure 5: Percentage of the recommended daily value of nutrients per person that one serving of dried   

dulse, a specific sea green, provides103 
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Table 2: Amount of nutrients that one serving of dried dulse provides104 

 
 
Primarily, seaweeds are one of the best natural sources of iodine. Iodine is critically important 

for making thyroid hormones, which control the body’s metabolism and supports proper bone and brain 
development.105 Brown algae (which includes kombu, kelp, wakame, and arame) in particular have high 
iodine content. Some species, such as in the genus Laminaria, can accumulate iodine at levels up to 
30,000 times more concentrated than sea water.106  

Seaweeds also have high iron and vitamin C content. One tablespoon of dried seaweed can 
contain between 0.5 and 35 milligrams of iron depending on the variety, which is ten times the levels 
found in many land vegetables.107 Seaweeds also have high levels of vitamin C, which can increase the 
bioavailability of plant iron. Therefore, this combination is particularly beneficial for health.108  

Seaweeds are excellent sources of minerals such as potassium, sodium, calcium, magnesium, 
sulfur, nitrogen, zinc, boron, copper, manganese, molybdenum, chromium, selenium, bromine, 
vanadium, phosphorus, and nickel.109 They also provide high levels of fatty acids (such as long-chain 
omega-3 fatty acids comparable to those in fish oil) and vitamins such as A (in the form of carotenoids), 
B's (especially B12), C, D, E, and K.110 These can increase the antioxidant capacity of the bloodstream.111 
Seaweeds are particularly popular among vegetarians and vegans due to the range of B vitamins that 
they contain, which are challenging to find in plant-based diets.112  

Seaweeds contain several things necessary for proper brain functioning. These include taurine, 
decosahexaenoic acid, alpha‐linolenic acid, and eicosapentaenoic acid (along with zinc, magnesium, 
vitamin B12, and iodine mentioned previously).113 They also have a high glutamate content, which is an 
amino acid. In addition to being necessary for normal brain function, research suggests that the 
glutamate content provides the umami flavoring revered by chefs.114 Umami is known as the “fifth 
taste” (after salty, sour, sweet, and bitter), and is found in foods such as mushrooms, soy sauce, and 
parmesan cheese.115 

Seaweeds also have a variety of unique phytonutrients such as fucoidans, which are believed to 
be responsible for many of their health benefits.116 Fucoidans are similar to starches (polysaccharide 
molecules) but are unique because they have a very complicated structure with a high degree of 
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branching, and also contain sulfur.117 Studies have linked fucoidans with anti-inflammatory properties, 
immunity, cardiovascular function, and even life expectancy.118  
 

ii. Medical Benefits 
While not a focus of this investigation, it is also interesting to note that seaweeds are used for a 

variety of medicinal and therapeutic applications around the world. For example, they have been used 
to fight cancer as well as to help with obesity, hair regrowth, skin problems, gut health, depression, 
inflammation, lower respiratory problems, and thyroid problems.119 They have also been studied by 
researchers at The Agriculture and Food Development Authority in Ireland for their ability to help treat 
cardiovascular diseases and hypertension, and lower blood pressure.120  
 

iii. Warnings 
While consuming seaweeds can have a variety of human health benefits, there are also risks for 

some populations. High concentrations of some nutrients found in seaweeds may be problematic for 
certain individuals. For example, iodine-sensitive individuals should avoid the consumption of brown 
algae,121 individuals taking blood thinning medications should avoid overconsumption of vitamin K, and 
those with kidney problems should avoid high levels of potassium.122  

Seaweeds grown in polluted waters are also unsafe to eat as they can absorb unwanted 
contaminants. For example, the consumption of seaweed grown in water contaminated with heavy 
metals like arsenic, lead, and cadmium from sewage, industrial activities, mining, agricultural activities, 
and radioactive waste disposal can cause health concerns.123 Arsenic in particular is problematic, and 
almost all varieties of seaweed have been found to contain trace amounts. High risk varieties for arsenic 
contamination include arame, kombu, nori, wakame, and hijiki with the highest risk. Between 2000-
2005, England, New Zealand, and Canada issued public health recommendations advising against the 
consumption of hijiki unless it was verified as containing very low levels of arsenic.124 In the 1980’s, 
Australia and New Zealand also banned the importation of seaweed from Japan due to high levels of 
lead, cadmium, and arsenic.125 

Seaweeds grown in warm tropical waters are also typically riskier to consume than those grown 
in cold northern waters. Tropical seaweeds are susceptible to transmitting infectious microbes, such as 
Cholera (which cannot survive in cold northern waters), when seaweed becomes contaminated by 
human feces. A few individuals died in the 1990’s after eating Cholera-contaminated raw tropical 
seaweed in salads. Seaweed can also become contaminated during harvesting if it comes in contact with 
Palythoa (genus) sea anemones (marine predatory animals of the order Actiniaria) found in tropical 
waters. These anemones produce Palytoxin, one of the deadliest marine neurotoxins, which can be 
passed on to the seaweed. Several consumers have also died after eating seaweed contaminated with 
Palytoxin.126  

Regulations for seaweeds are in a state of partial review at the National Organics Program 
within the US Department of Agriculture. There are also two types of certified organic seaweed 
currently available. These certified organic seaweeds are produced in a more closely monitored 
environment in regions where waters are better protected against contaminants and may provide a 
safer choice for consumers.127  
 

c. Social & Policy 
Sea green farming and cultivation is intertwined with current policy regulations. As the industry 

continues to grow (aided by research explaining the benefits surrounding sea greens), countries must 
strive to cultivate seaweeds in a sustainable manner. Regulations and directives that protect the 
exploitation of natural resources must be brought to a national or international political agenda.128 
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The majority of the sea green farming companies starting up in the United States are infantile, 
which means “best practices” for sea green harvesting, management, and cultivation have not yet been 
established. This is critical, considering that the worldwide sea green industry accounts for US $10 billion 
per year.129 With the growth of sea green farming in new areas there will also be new job 
opportunities.130 

Policy needs to ensure a sustainable future for sea green harvesting. The National Oceanic and 
Atmospheric Administration (NOAA) has funding options to back grants in pursuit of best practices in 
cultivating sea greens. The Sea Grants offered by NOAA provide a variety of funding opportunities based 
on four focus areas: Healthy Coastal Ecosystems, Sustainable Fisheries & Aquaculture, Resilient Coastal 
Communities & Economies, and Environmental Literacy & Workforce Development.131 The Stony Brook 
sea green cultivation project mentioned later in this analysis was approved on the basis of being an 
academic study, and not a commercial project.  

In Europe, Portugal requires an appraisal of seaweed management plans, while Norway and 
Canada develop and execute coastal management plans, which include sustainable farming of sea 
greens.132 Chile, a leader in sea green farming practices, has succeeded in establishing a sustainable 
seaweed farming program for the majority of seaweed grown there.133 

The US has recently seen significant momentum surrounding policy on sea green cultivation. For 
instance, on August 2nd, 2018, US Senator Sheldon Whitehouse (D-RI) announced that the Senate had 
passed a bipartisan amendment designed to encourage job growth in the emerging kelp farming 
industry.134 Sheldon said, “kelp is good for human health and good for our environment and oceans. 
[The] bipartisan amendment will help the promising ocean-growth kelp industry, which is just getting 
started in Rhode Island.”135  

The amendment, co-sponsored by Senators Lisa Murkowski (R-AK) and Chris Murphy (D-CT), 
would direct the National Oceanic & Atmospheric Administration and the US Department of Agriculture 
to begin research and pilot programs supporting this newer farming practice, while applying other 
scalable commercial applications for these crops.136 This amendment, passed in August 2018, was later 
followed up with the success of the Farm Bill approved by the US Senate in December 2018.137 This bill 
dramatically expands the support for algae agriculture on the federal level. Guaranteed funding through 
2023, alongside research and programs established in this market, increases the potential to expand US 
sea green production, with advanced technology to accompany it.138 

The people involved in the sea green cultivation community are taking note of the changes 
being made in their field. For example, Capt. David Blaney, MMS, of Point Judith Kelp Company, has 
jumped on the opportunity presented by this progressive legislation with his company. Point Judith Kelp 
Company, Rhode Island’s first dedicated farm, received permits in 2016 from Rhode Island agencies to 
further explore the possibilities with kelp. Some of the products made by this company include 
cosmetics, fresh seaweed for consumption, and plant food.139 

In New York and New Jersey there are active areas where farmers are beginning to capitalize on 
introducing kelp farming. A collaborative team including scientists at Stony Brook University, 3D ocean 
farming innovators at the non-profit organization GreenWave, local seafood industry pioneers from 
Dock to Dish and Haskell Seafood, and several Long Island oyster farmers worked together on a grant to 
Stony Brook from the New York Farm Viability Institute to bring sugar kelp to Long Island.140  

A key takeaway from this Stony Brook research on Long Island sea greens farming was around 
growing depths of kelp. Previous wisdom dictated that the depth be at least 20 feet for optimal growing. 
However, the majority of oyster farms on Long Island are located within shallow water estuaries, 
specifically on Long Island’s south shore, where farmers began to grow kelp. The best growth was seen 
in Moriches Bay, where low-tide water depths dropped as low as a foot. Even with the shallow water, 
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the kelp continued to grow over four feet in length.141 Due to this realization, sea green farming in the 
shallower waters of New York and New Jersey may be even more viable.  

 

3. Messaging 
 For those who want to address global overfishing issues, climate change, and marine 
contamination problems, seaweeds can be an alternative “seafood” that provide high nutritional value 
and environmental benefits. Seaweed products can be promoted as a healthy and environmentally 
friendly “superfood.” For example, Atlantic Sea Farms advertises its products as “delicious, fresh and 
sustainable kelp.”142 

From a health perspective, promoting seaweed as a food source is beneficial because of their 
substantial nutritional value. In an interview with Atlantic Sea Farms, they noted that a priority was 
making their product taste good,143 revealing that perhaps for the seaweed industry in the US, 
advertising sea vegetables for their taste alone might not be enough to get people in western cultures to 
eat them. In another interview with a seaweed expert, it was mentioned that taking a nutritional angle 
to messaging seaweed products can be an effective way to encourage consumption in Europe and the 
US.144 

From an environmental perspective, seaweed aquaculture is beneficial because of its ability to 
mitigate acidification, purify water, and sequester carbon. In an interview with the former CEO of 
Catalina Sea Ranch, he mentions that seaweed would have a negative carbon footprint (using the 
method California has adopted to measure carbon intensity).145 In another interview with Scott Schmidt, 
the CEO of Primary Ocean, he mentions other secondary environmental benefits to be considered from 
seaweed: when seaweed is used in the agricultural end market, there is a 20% reduction in pesticide 
usage, 30% reduction in water usage, and 30 to 80% increase in crop yields, which are productive and 
sustainable.146 

 
4. Recommendations & Key Findings 
A summary of the team’s synthesis of insightful findings across the impact categories for sea greens 

is illustrated in the table below, followed by highlights of our key findings for each of the four life cycle 
impacts.   
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Table 3: Summarization of Key Findings 

 
 

a. Environment  
Seaweed is an excellent CO2 and nutrient sink. On an individual plant basis, kelp takes in five 

times more CO2 than land-based plants on average, and per acre, these “blue carbon” ecosystems can 
take up to 20 times more CO2 from the atmosphere than land-based forests.147 However, it is unclear 
what the environmental impact will be if production is scaled up. Also, if sea temperatures keep rising, 
there is recent modelling research that shows that 80% of the biodiversity of seaweed in Australia will 
be gone by 2100.148 Given that seaweed has been moving poleward as the sea temperature rises, if sea 
greens in Australia are challenged, the rest of the world likely will be too. 
 

b. Health 
Seaweed deserves the classification as a “superfood.” It has many healthy attributes including 

one of the highest natural sources of iodine, and high levels of a variety of other nutrients and protein. 
Seaweeds are also used for medical applications. As a food ingredient, seaweed does not have a high 
calorie content and does not require much processing to be sold. 
 

c. Economics  
Asia dominates current supply and demand, and that is unlikely to change although the US and 

Europe are investing in growing and cultivation. At the small-scale farmer level, the economics are very 
attractive, and US seaweed farming can serve as complementary income for fishermen as it is planted in 
the winter. As sea temperatures rise, cultivation will need to move from coastal areas to deeper seas to 
regulate temperature, and the economics for deep sea cultivation are still unproven. 
 

d. Social & Policy  
It is clear that the US is looking to seaweed farming. On a global scale, economic return on 
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capital can be attractive for small farmers, but still represents a low absolute income. A number of the 
developing countries that produce seaweed pay their seaweed farmers close to a $1 per day,149 and the 
grower may only be making $2,000 to $15,000 per year.150 

 

5. Conclusion & Discussion 
While seaweed is shown to be nutritionally dense and economically attractive (especially for 

those in fishing, shellfish, and lobster industries in the US that are supplementing their incomes during 
the off seasons), there is still a need for more data collection on the ecological impacts of large and 
small-scale seaweed farming, specifically in US waters. Literature shows that seaweed has been useful in 
absorbing N, P and CO2 and deterring eutrophication on large151,152 and small scales,153 but there is 
uncertainty around where the threshold is for excess absorption that can adversely affect marine 
environments. While large-scale farming studies referenced above discuss positive remediation effects 
with most data coming from China, one cannot compare their quality of ocean water to New England 
waters and assume the same outcomes if large-scale farming were brought to the North Atlantic region. 
Since water quality is better to a certain degree in this region, industrial-scale seaweed farming might 
have the negative effect of excessive nutrient absorption. NY waters do have excess nutrients from 
sewage pollution, however.154 

In the South Pacific seaweed farms are creating havens for juvenile fish, epiphytes, and other 
grazers (fish and turtles), some of which are consuming the product.155 Integrated multi-trophic 
aquaculture has been successful in China, Canada, Europe156 and the US,157 with salmon and shellfish for 
example, removing excess nutrients that would otherwise be harmful. Sea corporations such as Atlantic 
Sea Farms are currently in the process of collecting data in collaboration with Bigelow Laboratory for 
Ocean Sciences on nutrient and carbon absorption but have yet to collect data on biodiversity impacts 
from seaweed farming on the shorelines on Maine.158 

The future of seaweed farming is uncertain due to climate change impacts. More data is needed 
to understand the reaction and resilience of seaweed in response to temperature increases and extreme 
weather events. Increased global temperatures would not be ideal for species such as kelp, pushing the 
geographic boundary towards the poles for their cultivation. This could also mean that other species 
that were not able to grow in cooler regions can expand into spaces that were not possible before. 
Deep-sea cultivation can be an option in dealing with temperature, which is already being seen in places 
such as the Philippines to avoid diseases such as “ice-ice.”159 Increased extreme weather events have 
been decimating seaweed farms in the South Pacific, specifically typhoons that are category 2 or higher, 
destroying farming structures and propagules.160,161 Deep-sea farming can have other consequences 
such as increased marine mammal entanglement162 and there is also a lack of data on deep-sea impacts 
of farming since, up until now, it has been mostly practiced in coastal areas.  

As this industry continues to grow, more regulations need to form around it. Currently, New 
York State does not allow for commercial farming of seaweed, but does on a pilot basis.163 Topics related 
to health and biosecurity arise, meaning that standards must be set for the quality of seaweed for 
consumption and the types of species that will be cultivated in waters (native, introduced, monoculture, 
polyculture). 
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Alternative Meats 
1. Introduction 

Viable meat substitutes, such as cell- and plant-based meats, are currently being researched and 
commercialized. This paper will analyze the background and context, production methods, industry 
trends, and impacts of these two options. Cell-based meats utilize stem cells from an animal and fetal 
bovine serum to grow animal cells in a lab, at this time rendering them still made from ‘animal 
products.’ Plant-based meats mimic the properties of burgers and other meat products and are strictly 
vegetarian. Due to this distinction in characteristics, the target audience and marketing practices will 
differ for cell- and plant-based meats. 

  
Cell-Based Meats 

1. Background & Context 
Although the technology behind growing cell-based meat is new, this solution has been 

expected for quite some time. In 1931, Winston Churchill proclaimed, “we shall escape the absurdity of 
growing a whole chicken in order to eat the breast or wing, by growing these parts separately under a 
suitable medium.”164 With growing global populations and an increase in meat-heavy diets, new 
solutions are required. Alongside improved agricultural practices, reducing food waste, and altering 
other consumer habits, new technologies and practices to deliver meat substitutes are increasingly 
feasible.165  

One report foresees the demand for cow products falling by 70% by the year 2030 due to the 
cost of various non-animal protein dropping substantially from scientific advancements, economics, 
knowledge of the perils of cows, and health impacts.166 The alternative meat industry is relatively new 
and is witnessing substantial growth. Investments in alternative meat and seafood collected $192 
million in investments in 2018 alone.167  
 

a. Definitions  
Cell-based meat refers to animal cells grown outside of an animal’s body for the purpose of 

human consumption.168 It can also be referred to as cultured meat, cell-cultured meat, in vitro meat, 
lab-grown meat, and clean meat. 
 

b. Growing Methods & Production  
Cell-based meats were first patented in 1999 by a Dutch scientist named Willem van Eelen.169 In 

2001, bioengineer Morris Benjaminson and colleagues took muscle tissue from a goldfish and 
introduced fetal bovine serum (FBS) to produce more muscle cells.170  

Even after years of careful study and scientific advancement, cell-based meats are not scalable 
at the current time. To create cell-based meats, ‘satellite’ or stem cells from the muscle tissue of a live 
animal are fed a nutrient-rich serum, the most popular being fetal bovine serum, or FBS.171 When fed 
the serum, the cells proliferate. The first product of cell-based meats will inevitably take the form of 
processed meats such as burgers, because unprocessed meat has a complex structure of bone, blood 
vessels, connective tissue, and fat that is much harder to replicate.172 Since cell-based meats utilize 
animal cells and fetal bovine serum for growth, they are not technically meat alternatives and still 
require animal products for production.   
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c. Market Size & Industry Trends  

The potential market size for cell-based meats could be comparable to a major fraction of the 
entire current meat industry, as cell-based meats act as a direct replacement for “real” meat. However, 
as stated in the previous section, the replication of unprocessed meat is harder than processed meats. 
Therefore, this is the sector of the meat industry with which cell-based technology will compete first.  

Some projections estimate that the cell-based meat industry will have a total worldwide value of 
$214 million USD in 2025 and a value of $593 million in 2032, a 15.7% growth per year for that period.173 
That growth is projected to be highly influenced by the North American market (US and Canada) due to 
a higher amount of flexitarian consumers in the main metropolitan areas of those countries.174 It is also 
likely that this technology in the future will be cost competitive against traditional meat.175 This is 
because the price of the major raw material of this technology (cell culture medium components and 
serum) will decrease.176  

When thinking about scaling the technology, there are challenges in some key processes and 
materials. The most relevant are the ones described in relation to the high nutrient serum, which allows 
the cells to grow and reproduce. However, these will likely be overcome by innovation, given the rate of 
improvement in the technology.177 As an example, though most of the major players in the industry are 
still using fetal blood for their nutrient serum,178 a Dutch startup called Meatable is creating a synthetic 
nutrient serum for the growth process while also reducing their costs.179  

There are also concerns over potential changes in the supply chain concentration of power.180 
This means that only a few companies, given their potential oligopoly and oligopsony power, could shift 
the entire market and control the food value chain with vertical and horizontal integration. The current 
market is already facing high concentration, as few companies dominate the industry at the moment.  

Cost competition becomes even more likely when considering the externalities of the current 
meat industry. Greenhouse gas (GHG) emissions, land use, and water use need to be considered too 
from a cost benefit analysis perspective. With that in mind, future regulations might directly or indirectly 
influence this competition. Subsidies, carbon pricing, and energy prices are some of the components 
that can affect both the “regular” meat price as well as the cell-based meat price. Regarding subsidies, 
the US government provides over $38.4 billion USD per year directly to US animal producers.181 A 
reduction on that subsidy would push meat prices to rise. Another element is the social price for carbon. 
Some academics estimate that a 40% price increase can be expected for beef if a carbon tax is 
applied.182 Another component that affects the potential price of cell-based meat is energy price. By 
following the U.S. Energy Information Administration projections for 2050, the price of energy will 
remain stable in the US. However, there are some scenarios such as low fossil fuel prices and 
technological improvement that would reduce the cost of electricity.183 

 

2. Impacts 
a. Environment 

Cell-based meats have a comparatively shorter track record when compared to ocean farmed 
sea greens and plant-based meats. Since the technology is still in the developmental phase, there are a 
limited number of calculations that can be made to determine the environmental footprint of this 
solution. Therefore, the models and prediction tools used to forecast future impacts can yield differing 
points of view. As cell-based meat operations have not yet been scaled, multiple assumptions and 
projections were made for life cycle analysis (LCA) studies. The variables in these studies are climate 
change potential, land use, water use, and energy use. 

Some LCAs conclude optimistically, others are favorable but uncertain, and some are pessimistic 
regarding this technology. While the methods employed by the studies presented in the optimistic and 
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pessimistic views are not directly comparable, the key takeaway is that the variety of methods and 
models currently being used to estimate the environmental impacts of this solution can yield very 
different results. Increased attention on this solution will generate further studies where accuracy will 
improve. This will also ideally be matched by a scale-up of the technology worldwide and real-life data 
from commercial activities once the solution is cleared for market.184  

 
i. Optimistic View 

An LCA approach and research method was employed to estimate the large-scale impacts of a 
fully established cell-based meat industry. One study took Cyanobacteria hydrolysate as the primary 
nutrient and energy source to enable the growth of the muscle cell. The results of this study indicated 
that ~2.6 GJ, 367.5 m3 of water, ~190 m2 of land were required to produce 1 kg of cultured meat. 
Further calculations showed that the equivalent emissions of this unit of meat were of approximately 
19,000 kg CO2-eq. 

This study also compared the obtained results with “conventionally produced European meat.” 
The calculated factors for cell-based meat approximately corresponded to a 7-45% lower energy use 
(with the only exception being chicken and poultry), 78-96% lower GHG emissions, 99% lower land use, 
and 82-96% lower water use. While the comparative data does include a high level of uncertainty, the 
initial comparison does point to an advantage in the cultured meat field when compared to 
conventional animal-based meat.185  

 
ii. Favorable but Uncertain View 

Some preliminary LCAs found that there is a potential 95% reduction in GHG emissions 
associated with the production of cell-based meat compared to more conventional meat production.186 
However, sensitivity analysis also shows that the uncertainty is high. Taking the worst case scenario, the 
reduction of GHG emissions of this technology would be of only of 16.7% (25 kg CO2eq per kg of product 
vs. 30 kg CO2eq per kg of regular meat).187 Other environmental comparisons can be made in 
eutrophication potential (7.9 gPO4eq for cell based meat vs. 214 gPO4eq for regular meat), land use (5.5 
m2 for cell based meat vs. 92 m2 for regular meat), and industrial energy use (106 MJ for cell based meat 
vs. 78.6 MJ for regular meat).188 

 
iii. Pessimistic View 

Another study presented a different set of findings when estimating the impact of cell-based 
meats as an alternative to conventional meats. It found that the GHG emissions of cell-based meats are 
between 23.9 - 24.64 kg CO2e per kg of product compared to 1.8-2.3 kg CO2e for conventional meat. 
They also found land use is between 0.39 and 0.77 m2 per kg of cell-based meats compared to 0.18-0.23 
m2 for conventional meat.  
 

b. Health 
Since cell-based meat has yet to reach the market, there is a lack of information available on the 

health impacts of these products. Most companies in the US are still in the research and development 
stage, and several with whom we spoke estimated they would have a consumer product available within 
2 to 3 years.   

However, there are a few assumptions that can be made that point to cell-based meat as a 
potentially attractive alternative to conventional meat and fish in the future specifically around health 
impacts. The general health impacts would likely be similar, since the inputs for these products (animal 
cells, growth media to feed the cells) would be the exact same for meat. In addition to theoretically 
having the same nutritional profile as their conventional counterparts (since it is still meat on a cellular 
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level)189 cell-based meat could provide advantageous benefits. Bluefin tuna, for example, contains 
elevated levels of mercury and polychlorinated biphenyls (PCBs) according to the Monterey Bay 
Aquarium’s Seafood Watch report on the species.  San Francisco-based startup Finless Foods is creating 
a cell-based Bluefin tuna that, due to its lab-grown nature, would be free of the toxins and contaminants 
such as micro-plastics that can affect conventional fisheries. Growing cell-based meats such as beef and 
pork in a sterile environment would also eliminate both the need for antibiotics and the risk of bacterial 
contaminants such as salmonella. According to the CDC, antibiotics can cause antibiotic-resistant 
bacteria to thrive and can result in infections that are hard for consumers to fend off.190 
 
 

c. Social & Policy  
Even with cell-based meats not having yet hit the market, there have already been several laws 

passed in US state courts that regulate the labeling that would be used on these products. In Missouri in 
2018, the United States Cattlemen Association (USCA) claimed that the broader definition of “meat” 
must be limited to the tissue or flesh of animals that have been harvested in the traditional manner, 
which would prohibit product grown in labs from animal cells from being labeled as “meat.” 191 Another 
similar lawsuit was filed in Mississippi that is currently being appealed by the Good Food Institute.192 
These two laws, among others, typically include rules surrounding labeling for cell-based meat products. 

 

3. Messaging 
In the team’s survey of cell-based meat products that are currently being developed, most boast 

the benefit of creating actual meat products that do not involve animal slaughter.193 They also mention 
that their technologies play a part in improving animal welfare, have a smaller impact on the 
environment, and will increase food security for the future because they use fewer natural resources 
than conventional meat products.194 

The terminology that companies use around this technology will be immensely important to 
industry success. There has been considerable debate between marketers and scientists about how to 
describe meat that is grown in labs. What was called ‘in-vitro’ meat in the early 2000s changed to 
‘cultured’ or cell-based meat in recent years.195 Perhaps because of the negative perceptions of the term 
‘cultured meat’ detected by a survey of consumer perceptions, a new term – ‘clean’ meat – emerged to 
describe both plant-based and cell-based cultured meat.196 In this projects’ literature, “cell-based” is the 
most common term found in research since 2018. 

According to John Pattison, the Director of Operations of cell-based meat startup New Age 
Meats, a major hurdle in the success of this technology will be educating customers adequately about 
cell-based meat products, and marketing primarily toward meat eaters instead of vegetarians and 
vegans. He believes that this group would be more receptive to this technology but would still need to 
be convinced there would be no sacrifice to the taste, texture, price or nutrition.197 Arye Elfenbein from 
The Wild Type, which is currently developing a cell-based salmon, plans to market this product as being 
mercury and microplastic free, concerns top-of-mind for consumers.198 

It is also important for cell-based meat producers to understand the values, customs, and 
religious traditions of a targeted group. Dietary considerations, likes and dislikes, and rules for meat 
consumption are very emotionally charged and indoctrinated into cultural traditions and cuisines, 
sacred texts, and traditions that guide many of the world’s largest religious groups. With the recent 
emergence of modern food technologies, religious leaders have been challenged with reinterpreting 
their respective texts to guide their faith communities.199 All cultural and religious groups that have rules 
governing meat consumption would likely require specially targeted marketing and labeling to address 
their respective concerns.  



 

 

26 

 Looking at Islamic doctrine, the animals to be eaten must be of acceptable species and must be 
slaughtered according to traditional halal methods.200 Halal labeling for cell-based meat products could 
be obtained through identifying the source cell and culture medium, which can be deemed acceptable if 
the stem cell is extracted from a halal-slaughtered animal, and no blood or serum is used.201 Islamic law 
forbids Muslims from eating or using any product derived from pigs, therefore, a cell-based 
development method for pork would still not be acceptable for consumption.202 
 Since cell-based meat products are not on the market yet, there is still a lack of information 
regarding acceptance of cell-based meat consumption for most cultural and religious groups. 
 

4. Recommendations & Key Findings 
 

Table 4: Summarization of Key Findings 

 
 
Our food choices have an impact on the environment around us. From a study compiling 

lifecycle analysis data from 570 published papers, the environmental impacts of the lowest-impact 
animal products typically exceed those of vegetable substitutes.203 This, alongside the data provided 
throughout this document, provides substantial evidence that a dietary shift away from animal products 
is crucial to sustainable agricultural and food systems. Cell-based meats, although not currently 
commercially viable or scalable, offer a unique solution to this necessary shift away from large-scale 
factory farming and animal agriculture since a single animal cell is needed to replicate meat in a lab. 

 

5. Conclusion & Discussion 
Demand for alternatives to conventional meat are growing significantly. Although cell-based 

meat production does present a significant opportunity to alleviate environmental harm by conventional 
meat production and factory farming and to eliminate animal slaughter, the viability of this technology 
as a sustainable solution is uncertain. Benefits for the environment would largely depend on what a 
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scaled-up production model of cell-based meats would look like and the associated impacts, as well as 
what is done with land and resources left over from conventional meat production. Because current 
production is too small to facilitate controlled studies on human consumption of these products, there is 
little known information about the health benefits or risks from cell-based meats. When they do come 
to market, it is highly likely that there will be considerable regulation about their production processes 
and marketing claims, and companies will need to invest heavily in educating customers about the 
production, human health impacts, and environmental impacts of their products. 
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Plant-Based Meats 
1. Background & Context 

Plant-based meats are a relatively established industry, as veggie burgers have been on grocery 
store shelves for decades. In 1995, Turtle Island Foods released ‘Tofurky,’ catapulting vegetarian “meat” 
into mainstream discourse.204 However, the meatless “meat” products on the market today are similar 
in composition to veggie patties but drastically different in taste, marketing strategy, and consumer. 
Impossible Foods and Beyond Meat, two of the largest players in the space, are creating products that 
are meant as a replacement to meat, marketed to meat-eaters who want a product that still tastes like 
meat.205 
 

a. Definitions  
Plant-based meat refers to a new generation of vegetable-based “meats” (such as burgers and 

sausages) that aim to replace real meat but contain no animal protein or products. These high-tech 
assemblages are made possible by technological advancements such as the whipping of vegetable oils to 
mimic the fatty appearance of marbled beef. They are meatier, juicier, and crustier than the previous 
frozen veggie burgers.206 

 
b. Growing Methods & Production  

As its name indicates, this protein alternative is made of plants and components derived from 
plants. Beyond Meat discloses its five categories of ingredients: proteins, fats, minerals, flavors and 
colors, and carbohydrates. Impossible Foods uses different ingredients for their products and does not 
disclose the functionality of each. Their most unique ingredient is heme, an iron component that is part 
of hemoglobin. Impossible Foods has developed a technique for growing heme through yeast so as to 
recreate the ‘bloodiness’ of meat.207 This ingredient is relevant for the company’s final products as they 
have found it to be the ingredient that provides a meat-like flavor. The following tables provide more 
detail on the ingredients both Beyond and Impossible use for their products. 
 

 
Table 5. Beyond Burger ingredients208 

Use Plant ingredient 

Proteins Peas, mung beans, fava beans, brown rice, sunflower 

Fats Cocoa butter, coconut oil, sunflower oil, canola oil 

Minerals Not disclosed 

Flavors Beets, apples 

Colors Beets, apples 

Carbohydrates Potatoes 
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Table 6. Impossible Foods ingredients209 

Use Plant ingredient 

Proteins Soy, potatoes 

Fats Coconut oil, sunflower oil 

Flavor Heme 

Not disclosed Food starch 

Not disclosed Methylcellulose (chemical compound derived from 
cellulose, natural fiber that comes from plants) 

 
 

c. Market Size & Industry Trends  
According to research firm Euromonitor, the current market size for plant based meat is 

estimated to be around $1.4 billion USD per year.210 According to market players such as Conagra, the 
potential US market size alone is around $30 billion USD per year.211 Major players from the ‘traditional’ 
food supply are starting to enter this market.212 In 2018, Conagra purchased the brand Gardein, and 
since then, they have launched new products and are studying the expansion of their vegan products. 
Kellogg’s is revamping its Morningstar brand through a new vegan cheeseburger and imitation chorizo 
tacos, Nestlé is entering the market with a plant-based burger, and Tyson Foods will launch its own line 
of alternative proteins.213  

In addition, restaurants and fast food chains have started to incorporate this type of alternative 
protein into their menus, such as Carl’s Jr and Burger King.214 Burger King had a comparable growth of 
sales of 5% (Q3 2019 vs Q3 2018), mostly driven by their adoption of the ‘Impossible Whopper’ plant-
based burger.215 The growth of this market can also be seen with the recent IPO of Beyond Meat. The 
initial offer in May 2019 was $25 per stock, and now (December 2019) the price is around $80. Beyond 
Meat’s full year sales guidance has moved from $210 million to $270 million, showing a growth trend 
beyond their own estimations.216 

However, as happens with every new industry, there are potential downsides with the 
expansion of this market. In the US, according to lobbyist group Meat Fuels America, the meat industry 
generates approximately 1.8 million jobs. The characteristics of those jobs can be seen in Table 7. 
 

Table 7. US Economic Impact of Meat Industry217 

 
 
As plant-based meat can be seen as a substitute for regular meat products, a diminishment in 

total sales volume would not be expected for the US market. On the other hand, the current meat 
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industry provides substantial jobs and approximately 527,000 jobs are at risk with the growth of the 
plant-based meat industry. 

 

2. Impacts 
a. Environment 

When it comes to environmental impacts, there are estimations that suggest that omnivores 
(people that consume both animal- and plant-derived food) have a 52% greater emissions footprint than 
vegetarians. In addition, an omnivorous diet has a 35.6% greater water footprint and a 61.5% higher 
ecological footprint (including land use) than a vegetarian diet.218 Given these differences, a reduction in 
meat consumption generates positive environmental impacts. Plant-based meat is a viable option to 
reduce meat consumption while decreasing dietary environmental impacts. In addition, vegetarianism 
represents a large food security opportunity. If the US would convert to a vegetarian diet, it would have 
the capacity to feed 350 million people in addition to its current productive capacity.219 

Beyond Meat conducted a cradle-to-gate LCA of their product with the University of Michigan, 
comparing a regular beef burger patty to a Beyond Meat burger patty. This study showed that overall, 
the Beyond Burger has a lower carbon footprint (0.4 kg CO2eq vs. 3.7 kg CO2eq of a regular beef patty). 
The same can be said when comparing energy use (6.1 MJ vs. 11.4 MJ for a regular patty), land use 
(0.3m2 vs. 3.8 m2 for a regular patty), and water use (1.1 liters vs. 218.4 liters for a regular patty).220 

Impossible Foods also conducted an LCA of their burger compared to a “regular” beef burger. 
However, the study is not public, and they only disclosed some of the results. Their burger has a carbon 
footprint 89% below a regular patty, a reduction in land use of 96%, and a reduction in water 
consumption of 87%.221  
 

b. Health 
Compared to a beef burger, plant-based burgers (such as those from Beyond Meat and 

Impossible Foods) have similar profiles in terms of calories, fat, and protein (Appendix 6). One significant 
advantage of plant-based meats is that they have lower levels of cholesterol and fat than their 
traditional meat counterparts. Having high cholesterol can lead to an increased risk of heart attack, 
stroke, or heart disease. Meat has been shown to increase cholesterol levels, while plant-based protein 
sources can lower them.222 

While lower in overall fat, both the Impossible and Beyond burgers contain high levels of 
saturated fat. This mainly comes from the vegetable oils used in the patties. In the Beyond burger, 
coconut oil adds the appealing marbling effect found in conventional beef. In addition, the plant-based 
burgers contain higher levels of sodium, which when consumed in excess can increase risk of high blood 
pressure, stroke, and cardiovascular disease. As a growing number of restaurant chains add plant-based 
versions of their classic menu items, it is unclear if the new additions are marketed as being healthier, or 
rather an imitation that can entice consumers to swap meat for a plant-based alternative. Health is not 
at the core of these products, which is showcased in Business Insider’s comparison of popular meat and 
plant-based burgers and their similar levels of saturated fat and higher levels of sodium.223 While 
cholesterol itself is only found in animal products, according to the American Heart Association, coconut 
oil is 82% saturated fat and can raise levels of ‘bad’ cholesterol in a similar way that butter and beef fat 
do.224   

Plant-based meats are also highly processed. This poses an issue of public perception, as whole 
foods are generally more nutritious than processed foods, but also raises concern since highly processed 
foods are very altered and contain additives. According to dietician Sharon Palmer, processing often 
results in a reduction of the important nutrients such as fiber, vitamins, minerals, and phytochemicals.225 
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While ground beef contains mainly just animal meat, Beyond burgers contain 22 ingredients,226 while 
Impossible burgers contain 21.227  

In the case of Impossible “meat,” one ingredient in particular took substantial time to be 
approved by the FDA. Heme is the ingredient responsible for the burger’s coloring, ‘bleeding’ properties, 
and meaty iron-rich flavor. While it is a naturally occurring compound in beef and soybean roots, 
Impossible Foods sources theirs from a genetically engineered yeast. The company faced hurdles with 
getting the ingredient approved as an additive by the FDA, but after a years-long battle, the FDA 
deemed their ‘secret sauce’ safe for human consumption.228 For vegans and vegetarians who might 
already rely on processed meat alternatives (such as faux bacon or ‘chicken’ patties), these newer 
products likely won’t be healthier, but, due to their processing, will not be as healthy as a handmade 
(whether at home or in-house at a restaurant) veggie burger that uses whole foods such as fresh 
vegetables, grains, and beans229. 

Another nutritional challenge is that many products are made from ingredients that are known 
to be common allergens: soy, wheat, gluten, and peanuts. Beyond burgers, while they do not contain 
peanuts, should be treated with caution by consumers with such allergies. Peanuts and peas are both 
legumes, so a person with a severe peanut allergy might also be sensitive to the pea protein used.230 In 
August 2019, Kentucky Fried Chicken’s Atlanta test kitchen debuted a Beyond Fried Chicken made of 
non-GMO wheat protein (also known as gluten).231 While it has not been named as a permanent menu 
item yet, it would not be suitable for consumers who are gluten intolerant.  

Despite not making for a particularly healthier product due to their higher levels of processing, 
sodium, and saturated fat, and the barrier some allergen-sensitive consumers face, some nutritionists, 
such as Cynthia Sass, say that plant-based meats are fine to eat in moderation. Sass says that given that 
red meat is linked to some of the most prevalent chronic diseases such as heart disease, “plant options 
that displace red meat are a step in the right direction.”232  

 
c. Social & Policy 

The emergence of alternative food products on the market has been met with considerable 
resistance from industry groups and local governments that advocate for agricultural products, and 
governments have responded by creating laws aimed to protect traditional agricultural products against 
these newcomers. At least twelve US states have already passed laws that restrict the words that can be 
used on food packaging for cell-based meat, plant-based meat, riced vegetables, and dairy products, 
claiming that words typically associated with conventional meat products intentionally mislead 
consumers.233  

According to the Good Food Institute, “authoritarian” labeling restrictions are a violation of the 
U.S. Constitution’s First Amendment, and challenges to these laws have been filed in several states.234 In 
Louisiana, the “Truth in Labeling” law bans the use of the terms “meat,” “rice,” or “sugar” on food 
products derived from non-traditional sources, such as plant-based or cell-derived meats and riced 
vegetables. A product must meet a strict, prescribed definition in order to include those words on 
product packaging.235 A similar law in the state of Missouri was challenged by plant-based meat 
producer Tofurkey, the American Civil Liberties Union, and The Good Food Institute, citing a violation of 
first amendment rights, and the court declined to issue an injunction of enforcing the law.236  

The outcome of labeling laws is uncertain at this time, but lawsuits will likely continue as the 
popularity of these products continue to rise.  
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3. Messaging 
Beyond Meat and Impossible Foods are the faces of the plant-based meat movement because of 

their impressive products and ability to change public perception of what a plant-based lifestyle can look 
like since they introduced their signature burgers in 2014 and 2016, respectively.237, 238 Both companies 
have the same mission of getting the masses to eat less meat and to inform people about conventional 
meat’s impact on the environment, but have taken slightly different approaches to this. Impossible, until 
recently, was marketed only toward restaurants and chefs,239 while Beyond sells to restaurants and 
directly to customers in grocery stores.240 

According to Beyond Meat’s website, two of four top components of Beyond Meats’ “Future of 
Protein” mission are related to the environment; their products “positively impact climate change” and 
“alleviate global resource constraints.” A Beyond burger will use 99% less water, 46% less energy, 90% 
reduction in GHG, and 93% less land than conventional beef burgers.241 Their other top two claims 
concern animal welfare and human health, although they disclose no information about the former. For 
nutrition, grams of protein and non-GMO certification labels are most prominently labeled on packaging 
for all products. They also highlight that their products are soy-free and gluten-free.242 

Beyond wants to “deliver the meaty experience you crave without the compromise.” They won’t 
have customers miss out on their favorite meals or events by switching to plant-based food. Accordingly, 
Beyond’s advertisement and social media campaigns have worked to change the public’s perception of a 
plant-based lifestyle. The company’s Instagram account is flooded with picture-perfect hamburgers, 
creative recipes, chef testimonials, and light-hearted publicity stunts,243 one of which puts brand 
ambassador and rapper Snoop Dogg working the cash register at Dunkin’ Donuts, pushing “that plant-
based great taste” of Beyond’s sausage sandwich.244 At the center of Beyond’s “Go Beyond” campaign is 
basketball all-star Kyrie Irving, whose photo appears alongside boldface text “Break Barriers. Defy 
Convention. Shatter Expectations.” This campaign reinforces that meat-free products can be fun, 
flavorful, masculine, and can even fuel elite athletes. Brand ambassadors also include rock climber Alex 
Honnold and basketball player Chris Paul, among others.245 

   
Figure 6. Examples of plant-based messaging on social media246 
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Impossible Foods has taken a slightly different messaging approach than Beyond on their 
website and social media. Impossible has released annual impact reports since 2017, which contain 
sprawling information about land use, carbon capturing maps, scaling up their product, and water 
use.247 They aim to educate about the perils of beef on the environment and advocate for urgent 
change. In terms of nutrition, they highlight that one burger has the same amount of protein as a beef 
burger, no cholesterol, and is a good source of iron, fiber and calcium.248   

Impossible’s social media focuses primarily on restaurant partnerships and creative culinary 
recipes that can be made with Impossible meat, which is not just a burger, but can also become a taco, a 
pizza topping, poutine, breakfast burrito, or Swedish meatballs.249 Their website imagery is full of 
whimsical drawings, blocks of bright color, and exploded words. 250 

 
4. Recommendations & Key Findings 

 
Table 8: Summarization of Key Findings 

 
 

Plant-based meats are a necessary alternative to current reliance on animal agriculture and 
factory farming. Jonathan Safran Foer, author of We Are the Weather, argues that the easiest 
sustainable transition for individuals in developed countries is to not eat animal products for breakfast 
or lunch. “Choosing to eat fewer animal products is probably the most important action an individual 
can take to reverse global warming - it has a known and significant effect on the environment, and, done 
collectively, would push the culture and the marketplace with more force than any march. The average 
US and UK citizen must consume 90% less beef and 60% less dairy.”251 To make a transition away from 
animal products even easier, these plant-based ‘mimics’ can be a viable solution. 
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5. Conclusion & Discussion 
There is an increased demand for protein alternatives in diets worldwide, as certain 

environmental pressures impact the planet. One of the immediate consequences of this phenomenon is 
a naturally forced behavioral and consumption shift. Climate change, water use, and land use, among 
others, are impacted by global meat production, and a transition to vegetarian and vegan diets would 
inherently help the planet. In addition, developed countries are starting to look into ‘healthier’ options 
and trying to reduce their meat intake based on health concerns. For many, plant-based meat 
represents a viable solution.  

The commercial success of plant-based meats when taste is the focus may pave a path to 
greater adoption of plant-based seafood alternatives. When looking at seafood alternatives currently in 
the market, most of these products are built with seaweed as a core ingredient. They also have lower 
sodium and cholesterol, and some such as New Wave shrimp and Sophie’s Kitchen Crab Cakes have 
positive reviews on taste profile. New Wave shrimp is currently only in small foodservice facilities while 
they perfect the taste, so it could become a more important alternative as it scales in the market. 
Sophie’s Kitchen launched its crab cakes in 2013 and has reached 1,000 supermarkets but lacked capital 
to grow beyond $1 million USD in sales until recently.252 The company most recently saw sales 
accelerate, as Chipotle and PepsiCo recently invested in Sophie’s Kitchen in 2019253,254 This should help 
them reach a larger consumer audience, as to date they have only been in supermarkets.  
 

Conclusion 
Every individual must take action to prevent further climate change. One of the easiest and 

most impactful changes one can make is conscious consumerism around food. The food system is a 
major contributor to climate change, as agriculture contributes to an estimated 51% of humanity’s 
greenhouse gas emissions.255 Switching to a ‘meat-mindful’ or reduced meat diet reduces the 
greenhouse gas emissions associated with current animal agriculture, clear-cutting of Amazon forests 
for ranching, the inhumane treatment of animals in factory farming, and the depletion of wild fish 
stocks. Switching to a more plant-based diet has a significant impact. In the words of Yvon Chouinard, 
founder of Patagonia, “People need a new jacket every five or ten years, but they eat three times a day. 
If we really want to protect our planet, it starts with food.”256 
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Appendices 
Appendix 1: Agriculture’s GHG Emissions 

The two most frequently cited reports on greenhouse gas emissions from animal agriculture are 
Livestock’s Long Shadow from the Food and Agriculture Organization (FAO) of the United Nations and 
Livestock and Climate Change from the WorldWatch Institute.257 Each provide two distinct numbers for 
the amount of greenhouse gas emissions. The FAO report concludes that 18% of global GHG emissions 
are claimed by animal agriculture, whereas the WorldWatch Institute deduced that it is in fact at least 
51%.258  

“The key difference between the 18% and the 51% figures is that the latter accounts for how 
exponential growth in livestock production (now more than 60 billion land animals per year) 
accompanied by large scale deforestation and forest-burning, have caused a dramatic decline in the 
Earth’s photosynthetic capacity, along with large and accelerating increases in volatilization of soil 
carbon.”259 The FAO report also does not consider refrigeration of livestock products (which requires 
fluorocarbons that have substantial GWP over that of CO2), GHGs from cooking animal products, and 
livestock respiration.260 
 

Appendix 2: GHG Emissions from Food Products 
This chart shows the average GHG emissions of 50 grams of protein from specific animal products.261 
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Appendix 3: Growing Methods and Production 
This image shows the life cycle of Saccharina latissima, or sugar kelp,262 a common species grown in the 
North Atlantic US. 

 
 

The following methodology is based on kelp farming in New England waters.263 When 
fertilization of the seaweed spores occur in the lab, the essential capabilities needed are control over 
water temperature, light, seawater, aquaria and pH. Kelp grows best between 41 and 59 degrees 
Fahrenheit (5 to 15 degrees Celsius). Light intensity, wavelength and light hours per day (12 hours/day) 
must be controlled. Contaminants must be removed from seawater and nutrients must be added to help 
in the growth of sporophytes. Aquaria used can be from 5 to 50 gallons (or larger). Kelp spores and 
plants must be grown between a pH of 7.0 and 9.0, with the pH monitored regularly and carbon dioxide 
added to adjust.  

The adult sporophyte (full-grown kelp) has reproductive sorus tissue (sori, plural) containing 
sporangia, which are cells that produce and house zoospores in quantity only a few months out of the 
year. Spores are collected from seaweed in the ocean. Favorable sorus tissue from the wild that is 
brought into the lab begins to release spores into the water and does not show any evidence of 
contamination such as biofouling, bacteria, or viruses. Biofouling is the accumulation or deposition of 
macro and microorganisms on seaweed, leading to decreases in health and productivity. Depending on 
state regulations, the quantity of tissue collected must be reported and cannot exceed certain limits to 
preserve the integrity of native populations. 264 

Processing in the laboratory of reproductive tissue includes cutting out sori from the blade 
(leaf), cleaning, disinfecting, drying, and then refrigerating it until it is placed in settling tubes (can be 
PVC pipes with chilled, filtered seawater).265 The diagram below shows a step by step summary of the 
process just described.266  
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The following diagram shows how sori are placed in conditions promoting the fertilization of kelp 
spores.267 
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The following diagram shows how the spools with kelp spores are transferred into an aquarium.268 

 
 
Appendix 4: Macroeconomic Analysis of Sea Greens 

1. Supply 
The global sea greens industry produces 30.4M wet weight tons annually, with 29.4M farmed 

and 1.1M harvested from the wild.269 Wild harvest production has been flat to declining since the 
1990s,270271 but seaweed farming has been growing 8% annually. Allied Market Research anticipates 
supply and demand growth will accelerate to a 12% compounded annual growth rate through 2024. The 
team does not have full disclosure as to the assumptions driving the acceleration in the forecast. 
Eucheuma (common name is guso) and Laminaria (common name is kelp, same as Saccharina japonica) 
have seen the greatest growth over the last 50 years due to the increased use in food additives, and sea 
green production increased most significantly over the last 25 years.272 Wild harvest production has 
been flat likely due to the peak of harvesting productivity in the early 1990s from the introduction of 
mechanical equipment.273  

Food production has been the primary use for sea greens, accounting for 46% of the volume of 
product sold.274 Food products are sold fresh, dried, powdered, as flakes, salted, canned, as liquid 
extracts, or as prepared foods. Finished product volumes are reported in dry weight tons, which is 12% 
of wet weight tons. Another 39% of global sea green use comes from food additives that provide 
thickening or stabilizing texture. These high value food additive products are typically created from 
extracting the water-soluble polysaccharides out of the seaweed known as hydrocolloids, with 
carrageenan, alginate, and agar being the most common. Brown seaweeds contain alginate. Red 
seaweeds contain carrageenan (commonly derived from Eucheuma) and agar (commonly derived from 
Gracilaria). The remaining 15% is used for animal feed, fertilizer, nutraceuticals, cosmetics, and 
industrial applications.275 The geographic split, species production split, and species pricing are found in 
the charts below from the FAO.276 277    
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Asia currently dominates the global market, and China alone accounts for about 47% for volume 
of sea greens farmed. China produced 2.25M dry weight tons, with 68% kelp, 13% Gracilaria, 9% 
wakame, and 6% nori. 60% of China's production is for food, and is the largest producer of kelp and nori 
globally. Indonesia is among the fastest-growing sea green-producing countries, accounting for 38% of 
global production.278  

Most of the world supply of sea greens is grown by small farmers. China is one of the few 
countries with commercial scale production, but their largest producer generates 25,000 tons per 
year.279 There are 221 species of commercial value, and 10 varieties are intensely cultivated globally.280 
For brown seaweed, this includes Japanese kombu (kelp, also known as Saccharina japonica), wakame 
(Undaria pinnatifida), and hijiki (Sargassum fusiforme). For red seaweed, the most notable are Gracilaria 
(used as a food additive), and Euchema and Kappaphycus (both are high in carrageenan content which 
has industrial, cosmetic, and nutraceutical applications). The most notable green seaweed is Ulva spp. In 
the northeast US, sugar kelp (Laminaria saccharina) is the most commonly produced seaweed, and 
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much of the production is exported to Asia.281 The table below sums the seaweed imports into the top 
35 countries from 2013-2016 in weight (tonnes) and value (USD).282  
 

 
  

2. Demand 
Japan is the best market to understand peak sea green demand potential. 20% of meals in Japan 

include seaweed, and the average Japanese person eats 4 kg of seaweed per year.283 For context, that 
would be the equivalent of each person eating one small 4 g small seaweed snack box each day.  

Extrapolated to the US, this would imply a $1B+ market potential. The team does not have end 
market data for the US, but future research could look at the growth of Asian cuisine in the US, 
particularly sushi, ramen, and miso soup to determine an estimate of growth rate. However, using 
Europe as a proxy, in 2013, 61% of seaweed was sold to foodservice and restaurants, 21% was sold to 
food processors, and 18% was sold to retail (grocery).284  

Empirically from interviews, the team believes that almost all of the demand is driven by Asian 
cuisine and dried seaweed snacks. New applications such as seaweed pasta have been introduced but 
are still small in terms of volume. 
  

3. Pricing 
The table below shows the pricing per kg trend by species. Japanese kelp and Nori/Porphyra are 

a good proxy for trends in seaweed used for human food, and pricing has come down as cultivation 
volumes have grown significantly. At the same time, Kappaphycus and Eucheuma are good proxies for 
seaweed extracts used for food additives, and these species have seen significant price increases in spite 
of dramatic increases in production volumes. In aggregate, the second chart below shows that the 
commercial value of global cultivated seaweed is only up 20% from 2006 to 2015 despite production 
volume more than doubling over that time period. 

 
 

Commercial value of all seaweed farmed products 2006 - 2015 ($ Billions): 285 
 

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

4 4.2 4.3 4.9 5.6 5.4 6.3 6.5 5.8 4.8 
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Pricing per kg of wet seaweed species: 286 

Pricing per kg 2000 2012 

Japanese kelp  $  0.10  $  0.06 

Elkhorn sea moss / Kappaphycus  $  0.07  $  0.18 

Eucheuma  $  0.09  $  0.21 

Nori / Porphyra  $  2.03  $  1.86 

Wakame / Undaria pinnatifida  $  0.40  $  0.45 

Gracilaria  $  0.59  $  0.04 

 
 

The chart below shows the demand for sea greens at lower prices across a number of 
industries.287 Keep in mind the industry is currently producing close to 30M tons. Within the food 
application, it is estimated that this could be a $525 billion industry if pricing approaches $750 / ton. The 
price of sea greens would need to be close to $200 per ton to be mainstream as a biofuel feedstock 
according to Bloomberg.  

. 
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4. Production Costs & Economic Returns 
The table below shows the production cost and economic returns for Kappaphycus seaweed 

farming in six developing countries as of 2009 using a variety of farming methods. In this example, 
production costs were $0.27 to $0.70 per dry weight kg. Economic returns of income to total costs range 
from 20% to 200%.288 (Kappaphycus is typically using as a food thickener.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

5. US Market Production Costs and Economics 
Estimated production cost in the US for dried seaweed is $0.15 per kg. Vertically integrated 

processors acting as wholesalers in the northeast purchase seaweed at $0.45 to $0.70 per kg, so 
producer gross margins are comparable to developing markets. While production costs are lower in the 
US than in developing markets, sugar kelp is easier to grow than Gracilaria and nori, for example, but 
has less demand.289  

Costco sells Kirkland brand dried seaweed for the equivalent of $76 per kg, and Korean branded 
product for $108. One study estimates that a farmer could generate a $37,000 profit per year by 
producing ten tons of kelp and 150,000 shellfish per acre. Atlantic Sea Farms has set a $0.55 per lb. price 
it pays for seaweed so big farms with four acres can net $45,000 income and their investment is $3,000 
to $20,000 depending on their boats.290,291 This is a fantastic economic return; however, several experts 
in the commercial market that the team interviewed (GreenWave and Atlantic Sea Farms) are cautious 
about the amount of demand in the US market for sea greens.292  

There are also production challenges with productivity varying between four and seven pounds 
per foot planted. Crop insurance is too expensive for these small farmers to justify, so weather is a risk 
for the crop and for the laborers who need to be on the water daily. 
  From a demand perspective, the table below indicates a 9% CAGR from 2013 to 2016. Allied 
Markets Research forecasts US demand growth to accelerate to 13% through 2024.  
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The table below summarizes US imports of seaweed from 2013-2016 in weight (tonnes) and value 
(USD).293 

 
 

Below are more informative tables from the FAO reports for easy reference on macroeconomic supply 
and demand of seaweed by species and geography. 294 295 296 297 
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Appendix 5: Sea Green Nutrition Information 

The table below contains key facts about nutrition of most common types of sea greens.298  
 

Sea Greens Type Key Nutrition Information 

Nori or purple laver (Porphyra) ● Protein content of 30-50%, of which 75% 
is digestible.  

● Low in sugars (0.1%) 
● Very high vitamin content, with 

significant amounts of vitamins A, C, 
niacin, and folic acid 

● Sodium content low due to typical 
processing  

● Large amounts of the amino acids 
alanine, glutamic acid, and glycine 

Aonori or green laver (Monostroma and 
Enteromorpha) 

● Protein content of 20%  
● Very low fat and sodium  
● High iron and calcium content  
● Vitamin B-group content is higher than 

most land vegetables, and while its  
● Relatively high levels of vitamin A (about 

half of that found in spinach) 
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Kombu or haidai (Laminaria japonica) ● Protein content of 10%  
● Only 2% fat  
● Relatively high levels of minerals and 

vitamins, though generally lower than 
those found in nori (e.g. one-tenth the 
amounts of vitamins and niacin, half the 
amount of B1) 

● Very high levels of iron (e.g. three times 
the amount found nori 

● High levels of iodine 
● Raw contains manganese, copper, cobalt, 

iron, nickel, and zinc 

Wakame or quandai-cai (Undaria pinnatifida)  ● High total dietary fiber content (higher 
than nori or kombu) 

● Very low fat content 
● High levels of the vitamin B group, 

especially niacin (however, processed 
products lose most of their vitamins) 

● Raw contains manganese, copper, cobalt, 
iron, nickel, and zinc 

Hiziki (Hizikia fusiforme)  ● Protein content of 10%  
● Only 1.5% fat, with 20-25% of the fatty 

acid as eicosapentaenoic acid  
● High levels of the vitamin B group, 

especially niacin (however, processed 
products lose most of their vitamins) 

● High levels of iron, copper, and 
manganese, higher than in kombu) 

● Raw contains, cobalt, nickel, and zinc 

Dulse (Palmaria palmata)  ● Good source of minerals, with very high 
levels of iron and trace elements  

● Vitamin content much higher than land 
vegetables such as spinach 

 

 
 
 
 
 
 
 



 

 

47 

Appendix 6: Comparison of Nutrition of Meat vs. Plant-based Burgers 
This table compares meat and plant-based burgers.299 
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Key Players & Producers 
 
Sea Greens 

● Premium Oceanic (Blue Evolution brand) - primary buyer for Alaska Seaweed 
● Atlantic Sea Farms - largest player in Maine 
● Thimble Island Farms - Bren Smith brand in Connecticut 
● HMart - key distributor for Asian branded seaweeds 
● Asian brand seaweeds sold in HMart: 

○ Emerald Cove 
○ Pulmuone - market themselves for sustainability, 35-year history 
○ Bibigo - brand marketed as one of the largest in Korea 
○ Maine Coast Sea Vegetables -- US sourced seaweed 
○ Eden 
○ ChoripDong 
○ SeoulTradingUSA 
○ Wang 
○ LeeZen 
○ Sukina 
○ Takaokaya 
○ Nico-Nico 
○ Ottogi 

● Amazon.com listed Seaweed snacks 
○ Jayone 
○ Kim’s 
○ GimMe (owned by Annie Chun) 
○ Daechun 
○ Annie Chun’s (CJ Food) 
○ SeaSnax 
○ KimNori 
○ Wel-Pac 
○ Myungga 
○ Nishimoto 

● Jinga 
● Industrial seaweed player 

○ DowDuPont - alginate, food additives, thickeners 
○ Cargill 
○ Roullier Group (French) - soil conditioners 
○ Biostadt India - farmer focus 
○ CP Kelco 
○ Acadian Seaplants (Canada) 
○ Gleymar (Chile) - 3rd largest carrageenan producer globally 
○ Seasol (Australia) - fertilizer 
○ Algea (Norway) 
○ Aglaia (France) 
○ Ceamsa (Spain) 

○ Qingdao Seawin Biotech (China) - produces fertilizer from seaweed 
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Cell-Based Meats 

● JUST, Inc. 
● Meatable 
● Memphis Meats 
● New Age Meats 

 
Cell-Based Seafood 

● BlueNalu 
● Finless Foods 
● Prime Roots 
● The Wild Type 

 

Plant-Based Meats 
● Amy’s 
● Atlast 
● Beyond Meats, Inc 
● Boca 
● Don Lee Farms 
● Dr. Praeger’s 
● Field Roast 
● Gardein 
● Hilary’s 
● Impossible Foods 
● Morning Star 
● Novameat 
● Rilbite 
● Sophie’s Kitchen 
● Sweet Earth 
● Tofurkey 
● Upton’s Naturals 

 

Plant-Based Seafood 
● Good Catch 
● Loma Linda 
● New Wave Foods 
● Ocean Hugger Foods 
● Sophie’s Kitchen 
● Vegan Seastar 
● Tofuna Fysh 
● Gardein 

 

 



 

 

50 

Endnotes   

1 Seneca, L.A. and L’Estrange, R. “Seneca’s Morals: By Way of Abstract.” Grigg & Elliot, 1880. 
2 Woodward, Aylin. “Our Food System Accounts for a Whopping 37% of Greenhouse-Gas Emissions, a 
UN Report Found. But It Could Also Offer a Solution to the Climate Crisis.” Business Insider, August 8, 
2019. https://www.businessinsider.com/food-system-role-in-climate-crisis-possible-solutions-2019-8. 
3 Joshi, VK and Kumar, Satish. "Meat Analogues: Plant based alternatives to meat products - A review" 
https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant
_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-
Plant-based-alternatives-to-meat-products-A-review.pdf 
4 Andrews, Joe. "Plant-based fish could be the next Impossible Foods win, and Save Oceans." CNBC. 
https://www.cnbc.com/2019/08/05/plant-based-fish-could-be-next-impossible-foods-win-and-save-
oceans.html 
5 “Overview of US Seafood Supply.” Seafood Health Facts. https://www.seafoodhealthfacts.org/seafood-
choices/overview-us-seafood-supply 
6 Joshi, VK and Kumar, Satish. "Meat Analogues: Plant based alternatives to meat products - A review" 
https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant
_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-
Plant-based-alternatives-to-meat-products-A-review.pdf 
7 Halpern, B., et al. "Opinion: Putting all foods on the same table: Achieving sustainable food systems 
requires full accounting." Proceedings of the National Academy of Sciences. (2019) 
https://www.pnas.org/content/116/37/18152?te=1&nl=climate-
fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef
758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609 
8 Food and Agriculture Organization of the United Nations. "The Global Status of seaweed production, 
trade, and utilization."  2018 
9 Ibid. 
10 Ibid. 
11 Mouritsen, Ole G. “The Science of Seaweeds.” American Scientist, June 19, 2018. 
https://www.americanscientist.org/article/the-science-of-seaweeds. 
12 Encyclopedia Britannica. “Seaweed (algae).” Accessed Nov 10, 2019. 
https://www.britannica.com/science/seaweed 
13 FAO, Commission on Genetic Resources for Food and Agriculture. "Genetic Resources for Farmed 
Seaweeds." Accessed November 2, 2019. http://www.fao.org/3/CA3065EN/ca3065en.pdf   

14 https://sciencing.com/deep-ocean-plants-13427770.html 
15 https://oceanexplorer.noaa.gov/explorations/03mex/background/seaweeds/seaweeds.html 
16 Karkos, P. D., S. C. Leong, C. D. Karkos, N. Sivaji, and D. A. Assimakopoulos. "Spirulina in clinical 
practice: evidence-based human applications." Evidence-based complementary and alternative medicine 
2011 (2011). http://downloads.hindawi.com/journals/ecam/2011/531053.pdf 

17 Sathasivam, Ramaraj, Ramalingam Radhakrishnan, Abeer Hashem, and Elsayed F. Abd_Allah. 
"Microalgae metabolites: A rich source for food and medicine." Saudi journal of biological sciences 
(2017). https://www.sciencedirect.com/science/article/pii/S1319562X17302784 
18 Kestenbaum, R. “The Big Food Trends in 2019.” (2019). 
https://www.forbes.com/sites/richardkestenbaum/2019/01/06/the-big-food-trends-2019-cbd-bohana-
oat-milk-mct-monkfruit-spirulina-orange-wine/#64c930afc407 
19 Eat the Weeds. “Tape Seagrass.” http://www.eattheweeds.com/tape-seagrass/ 

 

https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-Plant-based-alternatives-to-meat-products-A-review.pdf
https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-Plant-based-alternatives-to-meat-products-A-review.pdf
https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-Plant-based-alternatives-to-meat-products-A-review.pdf
https://www.cnbc.com/2019/08/05/plant-based-fish-could-be-next-impossible-foods-win-and-save-oceans.html
https://www.cnbc.com/2019/08/05/plant-based-fish-could-be-next-impossible-foods-win-and-save-oceans.html
https://www.seafoodhealthfacts.org/seafood-choices/overview-us-seafood-supply
https://www.seafoodhealthfacts.org/seafood-choices/overview-us-seafood-supply
https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-Plant-based-alternatives-to-meat-products-A-review.pdf
https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-Plant-based-alternatives-to-meat-products-A-review.pdf
https://www.researchgate.net/profile/Satish_Kumar94/publication/305317336_Meat_Analogues_Plant_based_alternatives_to_meat_products-_A_review/links/5787c35008aecf56ebcb51ff/Meat-Analogues-Plant-based-alternatives-to-meat-products-A-review.pdf
https://www.pnas.org/content/116/37/18152?te=1&nl=climate-fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609
https://www.pnas.org/content/116/37/18152?te=1&nl=climate-fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609
https://www.pnas.org/content/116/37/18152?te=1&nl=climate-fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609
https://www.britannica.com/science/seaweed
https://www.britannica.com/science/seaweed
https://www.britannica.com/science/seaweed
http://www.fao.org/3/CA3065EN/ca3065en.pdf
http://www.fao.org/3/CA3065EN/ca3065en.pdf
https://sciencing.com/deep-ocean-plants-13427770.html
https://oceanexplorer.noaa.gov/explorations/03mex/background/seaweeds/seaweeds.html
http://downloads.hindawi.com/journals/ecam/2011/531053.pdf
http://downloads.hindawi.com/journals/ecam/2011/531053.pdf
https://www.sciencedirect.com/science/article/pii/S1319562X17302784
https://www.forbes.com/sites/richardkestenbaum/2019/01/06/the-big-food-trends-2019-cbd-bohana-oat-milk-mct-monkfruit-spirulina-orange-wine/#64c930afc407
https://www.forbes.com/sites/richardkestenbaum/2019/01/06/the-big-food-trends-2019-cbd-bohana-oat-milk-mct-monkfruit-spirulina-orange-wine/#64c930afc407
http://www.eattheweeds.com/tape-seagrass/


 

 

51 

 
20 Wild Singapore. “Tape Seagrass.” 
http://www.wildsingapore.com/wildfacts/plants/seagrass/enhalus.htm 
21 National Ocean Service, NOAA. “What is Seaweed.” Accessed November 2, 2019. 
https://oceanservice.noaa.gov/facts/seaweed.html 

22 National Marine Sanctuaries, NOAA. “Kelp Forests – a description.” Accessed November 3, 2019. 
https://sanctuaries.noaa.gov/visit/ecosystems/kelpdesc.html 

23 Kim, JangKyun, Michael Stekoll, and Charles Yarish. "Opportunities, challenges and future directions of 
open-water seaweed aquaculture in the United States." Phycologia 58, no. 5 (2019): 446-461. 
https://www.tandfonline.com/doi/full/10.1080/00318884.2019.1625611 
24 California Sea Grant. "California company nurtures interest in seaweed aquaculture." 2018. 
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture 

25  Mouritsen, Ole G. “The Science of Seaweeds.” American Scientist, June 19, 2018. 
https://www.americanscientist.org/article/the-science-of-seaweeds. 

26 Flavin, K., N. Flavin, and B. Flahive, "Kelp Farming Manual. A Guide to the Processes, Techniques, and 
Equipment for Farming Kelp in New England Waters." 2013. 
https://static1.squarespace.com/static/52f23e95e4b0a96c7b53ad7c/t/52f78b0de4b0374e6a0a4da8/13
91954701750/OceanApproved_KelpManualLowRez.pdf 

27 Flavin et al. 2013. Ibid. 

28 NOAA. “Kelp Forests - A Description.” Accessed Nov 30 2019. 
https://sanctuaries.noaa.gov/visit/ecosystems/kelpdesc.html 
29 Appendix 3. Growing Method and Production for more information.   
30 Anicia Hurtado, phone call and e-mail message to author(s), Oct, 2019. 
31 Flavin, K., N. Flavin, and B. Flahive, 2013. Ibid. 

32 Appendix 3. Growing Method and Production for more information.  

33 Appendix 3. Growing Method and Production for more information.  

34De San, Michel. The farming of seaweeds. Smart Fish, 2012. http://www.fao.org/3/a-bl759e.pdf 

35 Flavin, K., N. Flavin, and B. Flahive, 2013. Ibid. 
36 Ibid. 

37 EPA. “Mississippi River/Gulf of Mexico Hypoxia Task Force.” 2019. Accessed on Nov 30 2019 
https://www.epa.gov/ms-htf 
38  Flavin, K., N. Flavin, and B. Flahive, 2013. Ibid. 

39 Ibid. 

40 Ibid. 
41 GreenWave. “3D Ocean Farming.” https://www.greenwave.org/ 
42 Neori, Amir, Thierry Chopin, Max Troell, Alejandro H. Buschmann, George P. Kraemer, Christina 
Halling, Muki Shpigel, and Charles Yarish. "Integrated aquaculture: rationale, evolution and state of the 
art emphasizing seaweed biofiltration in modern mariculture." Aquaculture 231, no. 1-4 (2004): 361-
391. https://www2.unb.ca/chopinlab/articles/files/Neori%20et%20al%202004%20Aquaculture.pdf 
43 Gertz, E. “Vertical ocean farms that can feed us and help our seas.” TED. Accessed Dec 1 2019. 
https://ideas.ted.com/vertical-ocean-farms-that-can-feed-us-and-help-our-seas/ 
44 De San, Michel. Ibid. 
45 FAO. “Handbook on Eucheuma Seaweed.” http://www.fao.org/3/AC287E/AC287E02.htm 
46 Ibid. 
47 Hurtado, Anicia Q., Alan T. Critchley, and Iain C. Neish. "Tropical Seaweed Farming Trends, Problems 
and Opportunities." (2017). https://link.springer.com/book/10.1007%2F978-3-319-63498-2 
48 Ibid. 

49Anicia Hurtado, phone-call and e-mail message to author(s), Oct, 2019. 

http://www.wildsingapore.com/wildfacts/plants/seagrass/enhalus.htm
http://www.wildsingapore.com/wildfacts/plants/seagrass/enhalus.htm
http://downloads.hindawi.com/journals/ecam/2011/531053.pdf
https://oceanservice.noaa.gov/facts/seaweed.html
https://oceanservice.noaa.gov/facts/seaweed.html
https://oceanservice.noaa.gov/facts/seaweed.html
https://oceanservice.noaa.gov/facts/seaweed.html
https://sanctuaries.noaa.gov/visit/ecosystems/kelpdesc.html
https://sanctuaries.noaa.gov/visit/ecosystems/kelpdesc.html
https://sanctuaries.noaa.gov/visit/ecosystems/kelpdesc.html
https://www.tandfonline.com/doi/full/10.1080/00318884.2019.1625611
https://sanctuaries.noaa.gov/visit/ecosystems/kelpdesc.html
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://sanctuaries.noaa.gov/visit/ecosystems/kelpdesc.html
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
http://www.fao.org/3/a-bl759e.pdf
http://www.fao.org/3/a-bl759e.pdf
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://www.epa.gov/ms-htf
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://www.greenwave.org/
https://www.greenwave.org/
https://ideas.ted.com/vertical-ocean-farms-that-can-feed-us-and-help-our-seas/
http://www.fao.org/3/AC287E/AC287E02.htm
https://link.springer.com/book/10.1007%2F978-3-319-63498-2
https://link.springer.com/book/10.1007%2F978-3-319-63498-2


 

 

52 

 
50 Johnson, B., R. Narayanakumar, AK ABDUL Nazar, P. Kaladharan, and G. Gopakumar. "Economic 
analysis of farming and wild collection of seaweeds in Ramanathapuram District, Tamil Nadu." Indian 
Journal of Fisheries 64, no. 4 (2017): 94-99. http://eprints.cmfri.org.in/12458/ 
51 Anicia Hurtado, phone call and e-mail message to author(s), Oct, 2019. 
52 Ibid. 
53 Flavin, K., N. Flavin, and B. Flahive, 2013. Ibid. 

54 Briana Warner, phone call to author(s), Oct, 2019. 
55 Zimmerman, K. “Kelp harvest on the upswing in Connecticut waters.” 2018. Accessed on Dec 1, 2019. 
https://westfaironline.com/100408/kelp-harvesting-on-the-upswing-in-connecticuts-waters/ 
56 Welch, L. Fish Factor: Interest in shellfish, seaweed farms growing. 2019. Accessed Dec 1, 2019. 
https://www.thecordovatimes.com/2019/09/02/fish-factor-interest-in-shellfish-seaweed-farms-
growing/ 
57 Catalina Sea Ranch. Accessed Dec 1 2019. https://catalinasearanch.com/crops 
58 Stewart Van Patten, M. & C. Yarish. "Bulletin No. 39: Seaweeds of Long Island Sound." 2009. 
https://digitalcommons.conncoll.edu/cgi/viewcontent.cgi?article=1039&context=arbbulletins 
59 Kim, et al. 2019. Ibid. 
60 Rolin, C., Inkster, R., Laing, J. et al. (2017). Regrowth and biofouling in two species of cultivated kelp in 
the Shetland Islands, UK. J Appl Phycol 29: 2351 
61 Costanza, F. S. "Seaweed on the Menu: Kelp Farmers Find Opportunity in the Peconic." Sag Harbor 
Express. 2018. https://sagharborexpress.com/express-magazine/harvest-articles/seaweed-menu-kelp-
farmers-find-opportunity-peconic/ 
62 Ibid. 
63 Schwartz, D. M. "Stony Brook researchers hope sugar kelp turns into next specialty crop." Newsday. 
2019. https://www.newsday.com/long-island/environment/sugar-kelp-moriches-bay-1.30302025 
64 Ibid. 
65 FAO.  "Social and economic dimensions of carrageenan seaweed farming."  2013 
66 Anoushka Concepcion, Sean Barrett & Peter Stein, phone call and e-mail message to author(s), Oct 
2019, Nov 2019. 
67 Dawn Birch, Kare Skallerud & Nicholas Paul. 2019.  "Who Eats Seaweed? An Australian Perspective"  
Journal of International Food & Agribusiness Marketing, Volume 31, 2019 - Issue 4. 
68 Chopin T, Buschmann AH, Halling C, Troell M, Kautsky N, Kraemer GP, Zertuche-González JA, Yarish C, 
Neefus C (2001). Integrating seaweeds into marine aquaculture systems: a key toward sustainability. J 
Phycol 986:975–986 

69 National Alliance For Advanced Biofuels and Bio-products Full Final Report Section I.  2014. 
70 Greentech Media.  “Algae Biodiesel:  It’s $33 per gallon.”  February 2009. 
71 Jiang, Yuan, Susanne Jones, Yunhua Zhu, et al. "Techno-economic uncertainty quantification of algal-
derived biocrude via hydrothermal liquefaction." May 2019.  Algal Research, Volume 39. 
72 Anoushka Concepcion, phone call to author(s), Nov, 2019.  
73 Engle, Carole, Azure Cygler, Dawn Kotowicz, Jennifer McCann. August 2018.  "Potential Supply Chains 
for Seaweed Produced for Food in the Northeastern United States.  University of Rhode Island Graduate 
School of Oceanography. 
74 Maine sea vegetable farms find low prices, but growing interest Losneck, Caroline.National Fisherman; 
Portland Vol. 97, Iss. 10, (Feb 2017): 

75Sean Barrett and Jason Masters, phone call to author(s), Nov, 2019. 
76 Bjerregaard, Rasmus. “Seaweed Aquaculture for Food Security, Income Generation and Environmental 
Health in Tropical Developing Countries.” World Bank Group, n.d. 

http://eprints.cmfri.org.in/12458/
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture


 

 

53 

 
http://documents.worldbank.org/curated/en/947831469090666344/pdf/107147-WP-REVISED-
Seaweed-Aquaculture-Web.pdf.  
77 Ibid. 
78 US Department of Commerce, and National Oceanic and Atmospheric Administration. “What Is a Red 
Tide?” NOAA's National Ocean Service, June 1, 2013. https://oceanservice.noaa.gov/facts/redtide.html.  
79 Fei, Xiugeng. “Solving the Coastal Eutrophication Problem by Large Scale Seaweed Cultivation.” 
SpringerLink. Springer, Dordrecht, January 1, 1970. https://link.springer.com/chapter/10.1007/978-94-
007-0944-7_19.  
80 Hasselström, Linus, Wouter Visch, Fredrik Gröndahl, Göran M. Nylund, and Henrik Pavia. “The Impact 
of Seaweed Cultivation on Ecosystem Services - a Case Study from the West Coast of Sweden.” Marine 
Pollution Bulletin. Pergamon, May 16, 2018. 
https://www.sciencedirect.com/science/article/pii/S0025326X18303126.  
81 Duarte, Wu, Jiaping, Xiao, Bruhn, Dorte, and Carlos M. “Can Seaweed Farming Play a Role in Climate 
Change Mitigation and Adaptation?” Frontiers. Frontiers, March 24, 2017. 
https://www.frontiersin.org/articles/10.3389/fmars.2017.00100/full#B1.  
82 Ibid.  
83 Ibid.  
84 Frerck, Robert. “Can Seaweed Reduce Ocean Acidification?” Blue Ocean Network, March 22, 2018. 
https://blueocean.net/can-seaweed-reduce-ocean-acidification/.  
85 “Sources of Greenhouse Gas Emissions.” EPA. Environmental Protection Agency, September 13, 2019. 
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions.  
86 “Global Emissions.” Center for Climate and Energy Solutions, January 4, 2018. 
https://www.c2es.org/content/international-emissions/.  
87 Xiao, X., Agusti, S., Lin, F. et al. Nutrient removal from Chinese coastal waters by large-scale seaweed 
aquaculture. Sci Rep 7, 46613 (2017) doi:10.1038/srep46613. 
https://www.nature.com/articles/srep46613#citeas  
88 Purple Culture. “China Fishery Statistical Yearbook 2016.” Purple Culture. Accessed December 1, 2019. 
https://www.purpleculture.net/china-fishery-statistical-yearbook-2016-p-23930/. 
89 Xiao, et al. (2017). Ibid.  
90 “100 Of the World's Worst Invasive Alien Species.” GISD. Accessed November 14, 2019. 
http://www.iucngisd.org/gisd/100_worst.php.  
91 Bonaldo, Roberta M, and Mark E Hay. “Seaweed-Coral Interactions: Variance in Seaweed Allelopathy, 
Coral Susceptibility, and Potential Effects on Coral Resilience.” PloS one. Public Library of Science, 
January 22, 2014. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3899053/.  
92 “Social and Economic Dimensions of Carrageenan Seaweed Farming.” FOOD AND AGRICULTURE 
ORGANIZATION OF THE UNITED NATIONS, 2013. http://www.fao.org/3/i3344e/i3344e.pdf.   
93 Macleod, Adrian, Sahlmann, Neves, Luiza, Jon, Margareth, et al. “The Environmental Risks Associated 
With the Development of Seaweed Farming in Europe - Prioritizing Key Knowledge Gaps.” Frontiers. 
Frontiers, February 21, 2019. https://www.frontiersin.org/articles/10.3389/fmars.2019.00107/full.  
94 Wernberg, Thomas, Bayden D. Russell, Mads S. Thomsen, C. Frederico D. Gurgel, Corey JA Bradshaw, 
Elvira S. Poloczanska, and Sean D. Connell. "Seaweed communities in retreat from ocean 
warming." Current biology 21, no. 21 (2011): 1828-1832. 
95 Smith, Bren. "Future Farming: The Gateway Drug of Sea Vegetables." The Sound. Accessed September 
18, 2019. https://www.thesoundhq.com/2018/08/future-farming-the-gateway-drug-of-sea-vegetables/.  
96 Johnson, Ayana Elizabeth and Louise Elizabeth Maher-Johnson. "Soil and Seaweed: Farming our way 
to a Climate Solution." Scientific American, November 2, 2018. 

http://documents.worldbank.org/curated/en/947831469090666344/pdf/107147-WP-REVISED-Seaweed-Aquaculture-Web.pdf
http://documents.worldbank.org/curated/en/947831469090666344/pdf/107147-WP-REVISED-Seaweed-Aquaculture-Web.pdf
https://oceanservice.noaa.gov/facts/redtide.html
https://link.springer.com/chapter/10.1007/978-94-007-0944-7_19
https://link.springer.com/chapter/10.1007/978-94-007-0944-7_19
https://www.sciencedirect.com/science/article/pii/S0025326X18303126
https://www.frontiersin.org/articles/10.3389/fmars.2017.00100/full#B1
https://blueocean.net/can-seaweed-reduce-ocean-acidification/
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions
https://www.c2es.org/content/international-emissions/
https://www.nature.com/articles/srep46613#citeas
https://www.nature.com/articles/srep46613#citeas
http://www.iucngisd.org/gisd/100_worst.php
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3899053/
http://www.fao.org/3/i3344e/i3344e.pdf
https://www.frontiersin.org/articles/10.3389/fmars.2019.00107/full
https://www.thesoundhq.com/2018/08/future-farming-the-gateway-drug-of-sea-vegetables/


 

 

54 

 
https://blogs.scientificamerican.com/observations/soil-and-seaweed-farming-our-way-to-a-climate-
solution/  
97 Smith, "Future Farming” and Adler, Tamar. "Is Seaweed the Perfect Food?" Vogue. February 15, 2019. 
https://www.vogue.com/article/seaweed-perfect-food  
98 Lewin, Jo. "The Health Benefits of Seaweed." Goodfood, BBC, September 27, 2017. 
https://www.bbcgoodfood.com/howto/guide/health-benefits-seaweed     
99 Adler, "Is Seaweed the Perfect Food?"  
100 Widrig, T. "Sustainable and Natural Potentials of Sea Vegetables." Bulletin - Aquaculture Association 
of Canada 2017, no. 1 (2017): 19-23. http://ezproxy.cul.columbia.edu/login?url=https://search-
proquest-com.ezproxy.cul.columbia.edu/docview/2182180485?accountid=10226.  
101 Fitzgerald Ciarán, Eimear Gallagher, Deniz Tasdemir, and Maria Hayes. “Heart Health Peptides from 
Macroalgae and Their Potential Use in Functional Foods.” Journal of Agricultural and Food Chemistry 59, 
no. 13 (2011): 6829–36. https://doi.org/10.1021/jf201114d.   
102 "Sea Vegetables." The George Mateljan Foundation. Accessed September 19, 2019. 
http://www.whfoods.com/genpage.php?tname=foodspice&dbid=135    
103 Ibid. 
104 Ibid. 
105 “Iodine.” National Institutes of Health, Office of Dietary Supplements. U.S. Department of Health and 
Human Services. Accessed October 6, 2019. https://ods.od.nih.gov/factsheets/Iodine-Consumer/.  
106 "Sea Vegetables." The George Mateljan Foundation.  
107 Adler, "Is Seaweed the Perfect Food?"  
108 "Sea Vegetables." The George Mateljan Foundation.  
109 Smith "Future Farming." and "Sea Vegetables." The George Mateljan Foundation.  
110 Smith, "Future Farming,” "Sea Vegetables." The George Mateljan Foundation, and Adler, "Is Seaweed 
the Perfect Food?"  
111 Widrig, “Sustainable and Natural Potentials of Sea Vegetables."  
112 Ibid. 
113 Ibid. 
114 Lewin, "The Health Benefits of Seaweed."  
115 Adler, "Is Seaweed the Perfect Food?"  
116 Lewin, "The Health Benefits of Seaweed."   
117 "Sea Vegetables." The George Mateljan Foundation.  
118 "Sea Vegetables." The George Mateljan Foundation and Lewin, "The Health Benefits of Seaweed."  
119 Widrig, "Sustainable and Natural Potentials of Sea Vegetables" and Smith, “Future Farming.”  
120 Ciarán, “Heart Health Peptides” and Hayes, Maria. "Seaweed does the heart good?." ScienceDaily. 
www.sciencedaily.com/releases/2011/09/110913184059.htm (accessed September 23, 2019). 
121 Smith, "Future Farming.”  
122 Lewin, "The Health Benefits of Seaweed."  
123 Smith, "Future Farming.”  
124 "Sea Vegetables." The George Mateljan Foundation.  
125 Smith, "Future Farming.”  
126 Ibid.  
127 "Sea Vegetables." The George Mateljan Foundation.  
128  Rebours, Cé, et al. 2014 
129 Rebours, Cé, et al. 2014. "Seaweeds: An Opportunity for Wealth and Sustainable Livelihood for 
Coastal Communities." Journal of Applied Phycology 26 (5) (10):1939-1951.doi: 
http://dx.doi.org.ezproxy.cul.columbia.edu/10.1007/s10811-014-004-

https://blogs.scientificamerican.com/observations/soil-and-seaweed-farming-our-way-to-a-climate-solution/
https://blogs.scientificamerican.com/observations/soil-and-seaweed-farming-our-way-to-a-climate-solution/
https://www.vogue.com/article/seaweed-perfect-food
https://www.bbcgoodfood.com/howto/guide/health-benefits-seaweed
http://ezproxy.cul.columbia.edu/login?url=https://search-proquest-com.ezproxy.cul.columbia.edu/docview/2182180485?accountid=10226
http://ezproxy.cul.columbia.edu/login?url=https://search-proquest-com.ezproxy.cul.columbia.edu/docview/2182180485?accountid=10226
https://doi.org/10.1021/jf201114d
http://www.whfoods.com/genpage.php?tname=foodspice&dbid=135
https://ods.od.nih.gov/factsheets/Iodine-Consumer/
http://www.sciencedaily.com/releases/2011/09/110913184059.htm
http://dx.doi.org.ezproxy.cul.columbia.edu/10.1007/s10811-014-00


 

 

55 

 
8.http://ezproxy.cul.columbia.edu/login?url=https://search-proquest-
com.ezproxy.cu.columbia.edu/docview/1655747676?accountid=10226. 
130 Bjerregaard, Rasmus; Valderrama, Diego; Radulovich, Ricardo; Diana, James; Capron, Mark; Mckinnie, 
Cedric Amir; Cedric, Michael; Hopkins, Kevin; Yarish, Charles; Goudey, Clifford; Forster, John. 2016. 
“Seaweed aquaculture for food security, income generation and environmental health in Tropical 
Developing.” World Bank Group working paper. 
131 “Sea Grant Funding Opportunities” NOAA: Sea Grant. https://seagrant.noaa.gov/Funding 
132 Rebours, Cé, et al.”Seaweeds” Journal of Applied Phycology. 
133 Ibid. 
134 “Senate Approves BIPARTISAN WHITEHOUSE AMENDMENT TO ENCOURAGE KELP FARMING”. 2018. 
Washington: Federal Information & News Dispatch, Inc. 
http://ezproxy.cul.columbia.edu/login?url=https://search-proquest-
com.ezproxy.cul.columbia.edu/dociew/2082109763?accountid=10226. 
135 Ibid. 
136 Ibid. 
137 “Algae Agriculture Triumphs in Farm Bill Compromise” Algae Biomass Organization. Dec 12 2018 
https://algaebiomass.org 
138 Ibid. 
139 “Senate Approves”. Washington: Federal Information & News Dispatch, Inc. Ibid. 
140 “Study Points to Kelp Farming Opportunities on Long Island”. Stony Brook University: School of 
Marine and Atmospheric Sciences. Apr 28 2019. 
https://www.somas.stonybrook.edu/2019/04/28/study-points-to-kelp-farming-opportunities-on-long-
island/ 
141 Ibid. 
142 Atlantic Sea Farms. “Atlantic Sea Farms.” Atlantic Sea Farms. Accessed December 8, 2019. 
https://atlanticseafarms.com/. 
143 Briana Warner, phone call to author(s), Oct, 2019. 
144 Anicia Hurtado, phone call and e-mail message to author(s), Oct, 2019. 
145 Phil Cruver, phone call to author(s), Oct, 2019. 
146 Scott Schmidt, phone call to author(s), Oct, 2019. 
147 Bedolfe, Sarah.  "Seaweed could be scrubbing way more carbon from the atmosphere than we 
expected". October 2017.  Oceana.org 

148 Wernberg, T. et al. 2011. Ibid. 
149 Sander W. K. van den Burg, Arie Pieter van Duijn, Heleen Bartelings, Marinus van Krimpen, Marnix 
Poelman."The economic feasibility of seaweed production in the North Sea" Aquaculture Economics & 
Management 2016, Vol. 20, No. 3, 235-252.   
150 FAO.  "Social and economic dimensions of carrageenan seaweed farming."  2013 
151 Fei, Xiugeng. “Solving the Coastal Eutrophication Problem by Large Scale Seaweed Cultivation.” 
SpringerLink. Springer, Dordrecht, January 1, 1970. https://link.springer.com/chapter/10.1007/978-94-
007-0944-7_19. 
152 Xiao, et al. 2017. Ibid 
153 California Sea Grant. 2018. Ibid. 
154 Andersen, T. “Mussels and seaweed have the potential to help clean up Long Island Sound.” Green 
Cities Blue Waters. 2013. https://greencitiesbluewaters.wordpress.com/2013/11/12/mussels-and-
seaweed-have-the-potential-to-help-clean-up-long-island-sound/ 

155 Anicia Hurtado, phone call and e-mail message to author(s), Oct, 2019. 
156 Ibid. 

https://seagrant.noaa.gov/Funding
https://algaebiomass.org/
https://www.somas.stonybrook.edu/2019/04/28/study-points-to-kelp-farming-opportunities-on-long-island/
https://www.somas.stonybrook.edu/2019/04/28/study-points-to-kelp-farming-opportunities-on-long-island/
https://link.springer.com/chapter/10.1007/978-94-007-0944-7_19
https://link.springer.com/chapter/10.1007/978-94-007-0944-7_19


 

 

56 

 
157 Neori, et al. 2004, Ibid. 
158 Briana Warner, phone call to author(s), Oct, 2019. 
159 Hurtado, et al. (2017). Ibid.  
160 Anicia Hurtado, phone call and e-mail message to author(s), Oct, 2019. 
161 FAO, Commision on Genetic Resources for Food and Agriculture. 2019. Ibid. 

162 Anoushka Concepcion and Scott Schmidt, phone call to author(s), Oct, 2019. 
163 Schwartz, D. M. "Stony Brook researchers hope sugar kelp turns into next specialty crop." Newsday. 
https://www.newsday.com/long-island/environment/sugar-kelp-moriches-bay-1.30302025 

164 Churchill, Winston. “Fifty Years Hence.” 1931. 
165 Bordoff, Jason. "To Combat Climate Change, We Can't Ignore Agriculture." The Wall Street Journal. 
(2019) https://blogs.wsj.com/experts/2019/10/11/to-combat-climate-change-we-cant-ignore-
agriculture/?utm_source=Center+on+Global+Energy+Policy+Mailing+List&utm_campaign=7b0182bed4-
EMAIL_CAMPAIGN_2019_09_18_12_40_COPY_03&utm_medium=email&utm_term=0_0773077aac-
7b0182bed4-102291881 
166 Tubb, Catherine and Seba, Tony. "Rethinking Food and Agriculture 2020-2030." Rethink X. 2019. 
https://www.rethinkx.com/food-and-agriculture#food-and-agriculture-download 
167 Williams, Ryan. 2018 Food & Beverage Startup Investment Report. Food+Tech Connect. 
https://foodtechconnect.com/2019/06/06/2018-u-s-food-beverage-startup-investment-
report/?mc_cid=cafad849c8&mc_eid=718b33d6fe 
168 Reese, Jacy. “The End of Animal Farming.” Beacon Press. 2018. 
169 Bloch, Sam. "The Hype and the Hope Surrounding Lab-Grown Meat." The New Food Economy. 
https://newfoodeconomy.org/new-harvest-cell-cultured-meat-lab-meat/ 
170 Kiger, Patrick. "How Do You Grow Meat in a Lab?" How Stuff Works. 
https://science.howstuffworks.com/innovation/edible-innovations/grow-meat-in-lab1.htm 
171 Reynolds, Matt. "The Clean Meat Industry is Racing to Ditch its Reliance on Foetal Blood." Wired. 
(2018). https://www.wired.co.uk/article/scaling-clean-meat-serum-just-finless-foods-mosa-meat 
172 Ireland, Tom. "The Artificial Meat Factory - The Science of your Synthetic Supper." Science Focus. 
https://www.sciencefocus.com/future-technology/the-artificial-meat-factory-the-science-of-your-
synthetic-supper/ 
173 “Cultured Meat Market by Source (Poultry, Beef, Seafood, Pork, and Duck), End-Use (Nuggets, 
Burgers, Meatballs, Sausages, Hot Dogs), and Region (North America, Europe, Asia Pacific, Middle East & 
Africa, South America) - Global Forecast to 2032.” Cultured Meat Market. Markets and Markets, 
September 2019. https://www.marketsandmarkets.com/Market-Reports/cultured-meat-market-
204524444.html. 
174 ibid 
175 Specht, Liz. “An Analysis of Culture Medium Costs and Production Volumes for Cell-Based Meat .” The 
Good Food Institute, February 13, 2019. https://www.gfi.org/files/sci-tech/clean-meat-production-
volume-and-medium-cost.pdf 
176 ibid 
177 ibid 
178 Reynolds, Matt. “The Clean Meat Industry Is Racing to Ditch Its Reliance on Foetal Blood.” WIRED. 
WIRED UK, August 3, 2018. https://www.wired.co.uk/article/scaling-clean-meat-serum-just-finless-
foods-mosa-meat. 
179 Flink, Tanya. “Dutch Company Has Replaced Bovine Serum for Faster and Cheaper Slaughter-Free 
Meat.” LIVEKINDLY. Publisher Name LIVEKINDLY Publisher Logo, October 3, 2018. 
https://www.livekindly.co/meatable-bovine-serum-slaughter-free-lab-grown-clean-meat/. 

https://blogs.wsj.com/experts/2019/10/11/to-combat-climate-change-we-cant-ignore-agriculture/?utm_source=Center+on+Global+Energy+Policy+Mailing+List&utm_campaign=7b0182bed4-EMAIL_CAMPAIGN_2019_09_18_12_40_COPY_03&utm_medium=email&utm_term=0_0773077aac-7b0182bed4-102291881
https://blogs.wsj.com/experts/2019/10/11/to-combat-climate-change-we-cant-ignore-agriculture/?utm_source=Center+on+Global+Energy+Policy+Mailing+List&utm_campaign=7b0182bed4-EMAIL_CAMPAIGN_2019_09_18_12_40_COPY_03&utm_medium=email&utm_term=0_0773077aac-7b0182bed4-102291881
https://blogs.wsj.com/experts/2019/10/11/to-combat-climate-change-we-cant-ignore-agriculture/?utm_source=Center+on+Global+Energy+Policy+Mailing+List&utm_campaign=7b0182bed4-EMAIL_CAMPAIGN_2019_09_18_12_40_COPY_03&utm_medium=email&utm_term=0_0773077aac-7b0182bed4-102291881
https://blogs.wsj.com/experts/2019/10/11/to-combat-climate-change-we-cant-ignore-agriculture/?utm_source=Center+on+Global+Energy+Policy+Mailing+List&utm_campaign=7b0182bed4-EMAIL_CAMPAIGN_2019_09_18_12_40_COPY_03&utm_medium=email&utm_term=0_0773077aac-7b0182bed4-102291881
https://www.rethinkx.com/food-and-agriculture#food-and-agriculture-download
https://foodtechconnect.com/2019/06/06/2018-u-s-food-beverage-startup-investment-report/?mc_cid=cafad849c8&mc_eid=718b33d6fe
https://foodtechconnect.com/2019/06/06/2018-u-s-food-beverage-startup-investment-report/?mc_cid=cafad849c8&mc_eid=718b33d6fe
https://newfoodeconomy.org/new-harvest-cell-cultured-meat-lab-meat/
https://science.howstuffworks.com/innovation/edible-innovations/grow-meat-in-lab1.htm
https://www.wired.co.uk/article/scaling-clean-meat-serum-just-finless-foods-mosa-meat
https://www.sciencefocus.com/future-technology/the-artificial-meat-factory-the-science-of-your-synthetic-supper/
https://www.sciencefocus.com/future-technology/the-artificial-meat-factory-the-science-of-your-synthetic-supper/
https://www.gfi.org/files/sci-tech/clean-meat-production-volume-and-medium-cost.pdf
https://www.gfi.org/files/sci-tech/clean-meat-production-volume-and-medium-cost.pdf
https://www.wired.co.uk/article/scaling-clean-meat-serum-just-finless-foods-mosa-meat
https://www.wired.co.uk/article/scaling-clean-meat-serum-just-finless-foods-mosa-meat


 

 

57 

 
180 Stephens, Neil, Lucy Di Silvio, Illtud Dunsford, Marianne Ellis, Abigail Glencross, and Alexandra Sexton. 
“Bringing Cultured Meat to Market: Technical, Socio-Political, and Regulatory Challenges in Cellular 
Agriculture.” Trends in Food Science & Technology 78 (August 2018): 155–66. 
https://doi.org/10.1016/j.tifs.2018.04.010. 
181 Simon, David Robinson. Meatonomics: How the Rigged Economics of Meat and Dairy Make You 
Consume Too Much-and How to Eat Better, Live Longer, and Spend Smarter. San Francisco, CA: Conari 
Press, 2013. 
182 Conniff, Richard. “The Case for a Carbon Tax on Beef.” The New York Times. The New York Times, 
March 17, 2018. https://www.nytimes.com/2018/03/17/opinion/sunday/carbon-tax-on-beef.html. 
183 “Annual Energy Outlook 2019 with Projections to 2050.” Annual Energy Outlook. U.S. Energy 
Information Administration, January 24, 2019. https://www.eia.gov/outlooks/aeo/pdf/aeo2019.pdf. 
184 Smetana, Sergiy, Alexander Mathys, Achim Knoch, and Volker Heinz. “Meat Alternatives: Life Cycle 
Assessment of Most Known Meat Substitutes.” The International Journal of Life Cycle Assessment 20, 
no. 9 (July 15, 2015): 1254–67. https://doi.org/10.1007/s11367-015-0931-6. 
185 Tuomisto, H. L., & Teixeira de Mattos, M. J. (2011). Environmental Impacts of Cultured Meat 
Production. Environmental Science & Technology, 45(14), 6117–6123. 
https://doi.org/10.1021/es200130u 
186 ibid 
187 Mattick, Carolyn S., Amy E. Landis, Braden R. Allenby, and Nicholas J. Genovese. “Anticipatory Life 
Cycle Analysis of In Vitro Biomass Cultivation for Cultured Meat Production in the United States.” 
Environmental Science & Technology 49, no. 19 (September 18, 2015): 11941–49. 
https://doi.org/10.1021/acs.est.5b01614. 
188 Ibid 
189 John Pattison, phone call to author(s), Oct, 2019. 
190 Heid, Markham. “You Asked: Should I Be Nervous About Lab-Grown Meat?” Time, Inc., September 
14, 2016. https://time.com/4490128/artificial-meat-protein/. 
191 "PETITION FOR THE IMPOSITION OF BEEF AND MEAT LABELING REQUIREMENTS: TO EXCLUDE 
PRODUCTS NOT DERIVED DIRECTLY FROM ANIMALS RAISED AND SLAUGHTERED FROM THE DEFINITION 
OF “BEEF” AND “MEAT” ." U.S. Cattlemen. Last modified February 2, 2018. 
https://www.uscattlemen.org/Templates/pdfs_USCA/2018-PDFs/2-9-18USCA-AMS-Petition-re-
definition-of-beef-and-meat.pdf. 
192 Keerie, Maia. "State of Mississippi sued for draconian meat law." The Good Food Institute. Last 
modified July 2, 2019. https://www.gfi.org/mississipi-media-statement. 
193 New Age Meats. https://www.newagemeats.com/ 
194 Ibid. 
195 Mouat, Michael J., and Russell Prince. "Cultured meat and cowless milk: on making markets for 
animal-free food." Journal of Cultural Economy 11, no. 4 (2018): 315-329 
196 Ibid. 
197 John Pattison, phone call to author(s), Oct, 2019. 
198 Aryé Elfenbein, phone call to author(s), Oct, 2019. 
199 Hamdan, M. N., Post, M. J., Ramli, M. A., & Mustafa, A. R. (2018). Cultured Meat in Islamic 
Perspective. Journal of religion and health, 57(6), 2193-2206. 
200 Nakyinsige, K., Man, Y. B. C., & Sazili, A. Q. (2012). Halal authenticity issues in meat and meat 
products. Meat science, 91(3), 207-214 
201 Hamdan et. al (2018.) Ibid. 
202 Nakynsige et. al. (2012.) Ibid. 



 

 

58 

 
203 Poore, J. and Nemecek, T. "Reducing Food's Environmental Impacts Through Producers and 
Consumers." Science. (2018) https://science.sciencemag.org/content/360/6392/987?te=1&nl=climate-
fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef
758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609 
204 Reese, Jacy. “The End of Animal Farming.” Beacon Press. 2018. 
205 Piper, Kelsey. "The Rise of Meatless Meat, Explained." Vox. 
https://www.vox.com/2019/5/28/18626859/meatless-meat-explained-vegan-impossible-burger 
206 Moskin, J. "How do the new Plant-Based Burgers Stack Up? We Taste-tested Them." The New York 
Times. (2019) https://www.nytimes.com/2019/10/22/dining/veggie-burger-taste-
test.html?rref=collection%2Fsectioncollection%2Ffood&action=click&contentCollection=dining&region=
rank&module=package&version=highlights&contentPlacement=1&pgtype=sectionfront 
207 “What Are the Ingredients?” Impossible Foods. Accessed November 15, 2019. 
https://faq.impossiblefoods.com/hc/en-us/articles/360018937494-What-are-the-ingredients-. 
208 “Our Ingredients.” Beyond Meat - The Future of Protein™. Accessed November 15, 2019. 
https://www.beyondmeat.com/about/our-ingredients/. 
209 “What Are the Ingredients?” Impossible Foods. Ibid.  
210 “Plant-Based Meat Could Create a Radically Different Food Chain.” The Economist. The Economist 
Newspaper, October 12, 2019. https://www.economist.com/international/2019/10/12/plant-based-
meat-could-create-a-radically-different-food-chain. 
211 Garcia, Tonya. “As Beyond Meat Soars, Conagra Sees $30 Billion Opportunity in Gardein Plant-Based 
Meat Alternatives.” MarketWatch, July 17, 2019. https://www.marketwatch.com/story/as-beyond-
meat-soars-conagra-sees-30-billion-opportunity-in-gardein-plant-based-meat-alternatives-2019-06-27. 
212 Back, Aaron. “The Food Giants Are Coming for Beyond Meat.” The Wall Street Journal. Dow Jones & 
Company, May 31, 2019. https://www.wsj.com/articles/the-food-giants-are-coming-for-beyond-meat-
11559295001. 
213 Ibid. 
214 “Ready to Join the Plant-Based Party? Carl's Jr. Announces Free Beyond Famous Star Burgers for All.” 
Business Wire, August 14, 2019. 
https://www.businesswire.com/news/home/20190814005176/en/Ready-Join-Plant-Based-Party-Carl's-
Jr.-Announces. 
215 Littman, Julie. “Impossible Whopper Drives 5% of Burger King's Q3 US Comp Sales.” Restaurant Dive, 
October 28, 2019. https://www.restaurantdive.com/news/impossible-whopper-drove-5-of-burger-
kings-q3-comp-sales/565958/. 
216 Root, Al. “Beyond Meat Earnings Were Awesome. Here's Why Its Stock Is Plunging.” Beyond Meat 
Earnings Were Awesome. Why Its Stock Is Plunging. - Barron's. Barrons, October 29, 2019. 
https://www.barrons.com/articles/beyond-meat-stock-earnings-were-awesome-51572295430. 
217 “The Economic Impact of the Meat Industry.” Meat Fuels America. The North American Meat 
Institute. Accessed September 30, 2019. https://meatfuelsamerica.guerrillaeconomics.net/. 
218 Rosi, Alice, Pedro Mena, Nicoletta Pellegrini, Silvia Turroni, Erasmo Neviani, Ilario Ferrocino, Raffaella 
Di Cagno, et al. “Environmental Impact of Omnivorous, Ovo-Lacto-Vegetarian, and Vegan Diet.” 
Scientific Reports 7, no. 1 (July 21, 2017). https://doi.org/10.1038/s41598-017-06466-8. 
219 Shepon, Alon, Gidon Eshel, Elad Noor, and Ron Milo. “The Opportunity Cost of Animal Based Diets 
Exceeds All Food Losses.” Proceedings of the National Academy of Sciences 115, no. 15 (March 26, 
2018): 3804–9. https://doi.org/10.1073/pnas.1713820115. 
220 Heller, Martin, and Gregory Keoleian. “Beyond Meat’s Beyond Burger Life Cycle Assessment: A 
Detailed Comparison between a Plantbased and an Animal-Based Protein Source.” Center for 



 

 

59 

 
Sustainable Systems University of Michigan, September 14, 2018. 
http://css.umich.edu/sites/default/files/publication/CSS18-10.pdf. 
221 “Environmental Life Cycle Analysis: Impossible Burger 2.0.” Impossible Foods. Accessed December 3, 
2019. https://impossiblefoods.com/mission/lca-update-2019/. 
222 “Seafood Watch Sea Food Report: Atlantic Bluefin Tuna.” Seafood Watch Sea Food Report: Atlantic 
Bluefin Tuna. Monterey Bay Aquarium, July 14, 2009. https://www.seafoodwatch.org/-
/m/sfw/pdf/reports/t/mba_seafoodwatch_bluefin_tuna_report.pdf. 
223 Taylor, Kate. “Plant-Based Fast Food Isn't Any Healthier Than the Originals - and That's the Point.” 
Business Insider, September 3, 2019. https://www.businessinsider.com/plant-based-fast-food-isnt-
healthier-thats-on-purpose-2019-8. 
224 Sweeney, Erica. “Are Beyond Meat And Impossible Burgers Better For You? Nutritionists Weigh In.” 
Huffington Post, July 10, 2019. https://www.huffpost.com/entry/beyond-meat-impossible-burger-
healthy_l_5d164ad1e4b07f6ca57cc3ed. 
225 Lemonier, Gabrielle. “Great-Tasting Veggie Burgers Are Here, But Are They Any Healthier?” Men's 
Journal. Accessed November 15, 2019. https://www.mensjournal.com/food-drink/great-veggie-burgers-
are-here-but-are-they-any-healthier-w449490/. 
226 Taylor, Kate. “It Requires 22 Ingredients for the Beyond Burger to Replicate the Taste and Texture of 
a Classic Hamburger — Here's What They Are.” Business Insider, June 7, 2019. 
https://www.businessinsider.com/what-is-in-beyond-meat-burger-2019-5. 
227 Jiang, Irene. “These Are the 21 Ingredients That Make an Impossible Burger Look and Taste like 
Meat.” Business Insider, May 31, 2019. https://www.businessinsider.com/what-is-in-impossible-burger-
ingredient-list-2019-5. 
228 Shanker, Deena. 2019. “Impossible Foods Gets FDA Color Nod, Plans Output Expansion.” Business 
Insider. July 31, 2019. https://www.bloomberg.com/news/articles/2019-07-31/impossible-burger-s-
color-gets-fda-nod-clearing-retail-hurdle. 
229 Kennedy, Alicia. “As the Impossible and Beyond Burgers Take off, Will Real Veggie Burgers Go 
Extinct?” The Washington Post, September 2, 2019. 
https://www.washingtonpost.com/news/voraciously/wp/2019/09/02/as-the-impossible-and-beyond-
burgers-take-off-will-real-veggie-burgers-go-extinct/. 
230 Frequently Asked Questions. Beyond Meat. https://www.beyondmeat.com/faqs/. 
231 Smith, Jordan. 2019. “KFC Has Rolled Out Meatless Fried ‘Chicken.’ Is It Any Healthier Than the Real 
Deal?” Runner's World. September 9, 2019. 
232 Bendix, Aria. 2019. “Beyond Meat Will Soon Be on the Menu at 11 Food Chains. Nutritionists Say Its 
'Bleeding' Veggie Burger Is Healthy Despite Being Processed.” Insider. August 26, 2019. 
https://www.insider.com/is-beyond-meat-healthy-nutritionists-say-yes-on-occasion-2019-6. 
233 Siegner, Cathy. “Mississippi Considers Changes to Plant-Based Meat Labeling Law.” FoodDive.com, 
September 10, 2019. https://www.fooddive.com/news/mississippi-considers-changes-to-plant-based-
meat-labeling-law/562547/. 
234 Keerie, Maia. "State of Mississippi sued for draconian meat law." The Good Food Institute. Last 
modified July 2, 2019. https://www.gfi.org/mississipi-media-statement. 
235 Keller & Heckman LLP, . "Louisiana Laws to Limit Use of Terms “Meat, “Rice,” “Sugar” and “Milk” on 
Food Product Labels." National Law Review. Last modified June 21, 2019. 
https://www.natlawreview.com/article/louisiana-laws-to-limit-use-terms-meat-rice-sugar-and-milk-
food-product-labels. 
236 Associated Press. "Judge declines to block Missouri fake-meat law, appeal claims censorship." 
Associated Press. Last modified October 2, 2019. https://fox4kc.com/2019/10/05/judge-declines-to-
block-missouri-fake-meat-law-appeal-claims-censorship/. 

https://www.fooddive.com/news/mississippi-considers-changes-to-plant-based-meat-labeling-law/562547/
https://www.fooddive.com/news/mississippi-considers-changes-to-plant-based-meat-labeling-law/562547/
https://www.gfi.org/mississipi-media-statement
https://www.natlawreview.com/article/louisiana-laws-to-limit-use-terms-meat-rice-sugar-and-milk-food-product-labels
https://www.natlawreview.com/article/louisiana-laws-to-limit-use-terms-meat-rice-sugar-and-milk-food-product-labels


 

 

60 

 
237 Impossible Foods. https://impossiblefoods.com 
238 Beyond Meat. https://www.beyondmeat.com/go-beyond 
239 Impossible Foods. https://impossiblefoods.com 

240 Beyond Meat. https://www.beyondmeat.com/go-beyond 

241 Beyond Meat. https://www.beyondmeat.com/go-beyond 
242 Beyond Meat. https://www.beyondmeat.com/go-beyond 

243 Beyond Meat. https://www.instagram.com/beyondmeat  

244 Snoop Dogg on Twitter. https://twitter.com/SnoopDogg 

245  Beyond Meat. https://www.beyondmeat.com/go-beyond 

246 Beyond Meat. https://www.instagram.com/beyondmeat. Ibid. 
247 Impossible Foods. https://impossiblefoods.com 

248 "2019 Impact Report." Impossible Foods. https://impossiblefoods.com/mission/2019impact/. 
249 Impossible Foods. https://www.instagram.com/impossible_foods/ 
250 Impossible Foods. https://impossiblefoods.com 
251 Safran Foer, Jonathan. “We Are the Weather: Saving the Planet Begins at Breakfast.” Farrar, Straus 
and Giroux. (2019).  
252 AnimalDialogue.org. “Plant-based meats become investment hotspot -- Sophie’s Kitchen Perfects 
Manufacture Process to Plant-based Seafood to European and American Market”.  September 2018. 
253 Forgrieve, J. “A new wave of plant-based food makers is focused on fish.” (2019). 
https://www.smartbrief.com/original/2019/04/new-wave-plant-based-food-makers-focused-fish 
254 Smith, K. “Chipotle just invested in a vegan fish company.” (2019). 
https://www.livekindly.co/chipotle-just-invested-vegan-fish-company/ 
255 “Livestock and Climate Change.” WorldWatch Institute. (2009) https://awellfedworld.org/livestock-
climate-advanced/ 
256 Smith, Bren. “Eat Like a Fish: My Adventures as a Fisherman Turned Restorative Ocean Farmer.” 
Alfred A Knopf. 2019 P. 246 
257 “Livestock’s Long Shadow.” FAO of the United Nations. (2006) 
http://www.fao.org/3/a0701e/a0701e00.htm 
258 “Livestock and Climate Change.” WorldWatch Institute. (2009) https://awellfedworld.org/livestock-
climate-advanced/ 
259 Goodland, Robert. “FAO Yields to Meat Industry Pressure on Climate Change.” The New York Times. 
(2012) https://bittman.blogs.nytimes.com/2012/07/11/fao-yields-to-meat-industry-pressure-on-
climate-change/ 
260 Safran Foer, Jonathan. “We Are The Weather: Saving the Planet Begins at Breakfast.” Farrar, Straus, 
and Giroux. (2019)  
261 Moskin, J., et al. "Your Questions About Food and Climate Change, Answered." The New York Times. 
https://www.nytimes.com/interactive/2019/04/30/dining/climate-change-food-eating-
habits.html?te=1&nl=climate-
fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef
758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609 
262 Royal Netherlands Institute for Sea Research. “Seaweed life cycle.” 
https://www.nioz.nl/en/expertise/seaweed-research-centre/media-background/north-sea-seaweed-
species/seaweed-life-cycle 
263 Flavin, K., N. Flavin, and B. Flahive, Ibid. 
264 ScienceDirect. “Biofouling.” Accessed Nov 30, 2019. https://www.sciencedirect.com/topics/chemical-
engineering/biofouling 
265 Flavin, K., N. Flavin, and B. Flahive, Ibid. 

https://impossiblefoods.com/
https://www.beyondmeat.com/go-beyond
https://impossiblefoods.com/
https://www.beyondmeat.com/go-beyond
https://www.beyondmeat.com/go-beyond
https://www.beyondmeat.com/go-beyond
https://www.instagram.com/beyondmeat
https://twitter.com/SnoopDogg
https://www.beyondmeat.com/go-beyond
https://www.instagram.com/beyondmeat
https://impossiblefoods.com/
https://www.instagram.com/impossible_foods/
https://impossiblefoods.com/
https://www.smartbrief.com/original/2019/04/new-wave-plant-based-food-makers-focused-fish
https://www.livekindly.co/chipotle-just-invested-vegan-fish-company/
https://awellfedworld.org/livestock-climate-advanced/
https://awellfedworld.org/livestock-climate-advanced/
http://www.fao.org/3/a0701e/a0701e00.htm
https://awellfedworld.org/livestock-climate-advanced/
https://awellfedworld.org/livestock-climate-advanced/
https://bittman.blogs.nytimes.com/2012/07/11/fao-yields-to-meat-industry-pressure-on-climate-change/
https://bittman.blogs.nytimes.com/2012/07/11/fao-yields-to-meat-industry-pressure-on-climate-change/
https://www.nytimes.com/interactive/2019/04/30/dining/climate-change-food-eating-habits.html?te=1&nl=climate-fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609
https://www.nytimes.com/interactive/2019/04/30/dining/climate-change-food-eating-habits.html?te=1&nl=climate-fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609
https://www.nytimes.com/interactive/2019/04/30/dining/climate-change-food-eating-habits.html?te=1&nl=climate-fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609
https://www.nytimes.com/interactive/2019/04/30/dining/climate-change-food-eating-habits.html?te=1&nl=climate-fwd:&emc=edit_clim_20191002?campaign_id=54&instance_id=12791&segment_id=17522&user_id=ef758e355a8d5af8a94b6bc7ac3fae2b&regi_id=83035609
https://www.nioz.nl/en/expertise/seaweed-research-centre/media-background/north-sea-seaweed-species/seaweed-life-cycle
https://www.nioz.nl/en/expertise/seaweed-research-centre/media-background/north-sea-seaweed-species/seaweed-life-cycle
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture
https://www.sciencedirect.com/topics/chemical-engineering/biofouling
https://www.sciencedirect.com/topics/chemical-engineering/biofouling
https://www.sciencedirect.com/topics/chemical-engineering/biofouling
https://caseagrant.ucsd.edu/news/california-company-nurtures-interest-in-seaweed-aquaculture


 

 

61 

 
266 Ibid. 
267 Ibid. 
268 Ibid. 
269 Food and Agriculture Organization of the United Nations. "The Global Status of seaweed production, 
trade, and utilization."  2018 
270 FAO.  "Social and economic dimensions of carrageenan seaweed farming."  2013 
271 Mac Monogail, Micheal, Lynn Cornish, et al.  “Sustainable Harvesting of wild seaweed resources.”  
November 2017.  European Journal of Phycology, Vol. 52 Issue 4. p371-390. 

272 FAO.  "Social and economic dimensions of carrageenan seaweed farming."  2013. Ibid. 
273 Mac et al.  (2017.) Ibid. 

274 Chopin T, Buschmann AH, Halling C, Troell M, Kautsky N, Kraemer GP, Zertuche-González JA, Yarish C, 
Neefus C (2001). Integrating seaweeds into marine aquaculture systems: a key toward sustainability. J 
Phycol 986:975–986 
275 FAO - The Global Status of seaweed production, trade, and utilization, 2018 
276 Ibid. 
277 Ibid. 
278 Ibid. 
279 Harkell, Louis.  "China's largest seaweed firm eyes foreign markets after $16M factory acquisition". 
2018.  Undercurrentnews.com 

280 FAO - The Global Status of seaweed production, trade, and utilization, 2018 
281 Ibid. 
282 Ibid. 
283 Ibid. 
284 OrganicMonitor.com.  "The European Market for Sea Vegetables". 2014. bim.ie 
285 FAO - The Global Status of seaweed production, trade, and utilization, 2018 
286 World Bank Group. “Seaweed Aquaculture for Food Security, Income Generation and Environmental 
Health.” 2016. http://documents.worldbank.org/curated/en/947831469090666344/pdf/107147-WP-
REVISED-Seaweed-Aquaculture-Web.pdf  
287 Benemann, J. History of US Department of Energy macroalgae projects – major conclusions. (2016). 
https://arpa-e.energy.gov/sites/default/files/Benemann%20ARPA-
E%20MacroAlgae%20US%20DOE%20History%20Feb10%20FINAL.pdf 
288 Valderrama, Diego & Cai, Junning & Hishamunda, Nathanael & Ridler, Neil & Neish, Iain & Hurtado, 
Anicia & Msuya, Flower & Krishnan, M. & Narayanakumar, Ramani & Kronen, Mecki & Robledo, Daniel & 
Gasca-Leyva, Eucario & Fraga, Julia. (2015). The Economics of Kappaphycus Seaweed Cultivation in 
Developing Countries: A Comparative Analysis of Farming Systems. Aquaculture Economics & 
Management. 19. 251-277 
289 Engle, Carole, Azure Cygler, Dawn Kotowicz, Jennifer McCann. August 2018.  "Potential Supply Chains 
for Seaweed Produced for Food in the Northeastern United States.  University of Rhode Island Graduate 
School of Oceanography. 
290 Gertz, Emily. “Vertical ocean farms that can feed us and help our seas”. July 2017.  ideas.ted.com  

291 Briana Warner, phone call to author(s), Oct, 2019. 
292 Ibid. 
293 FAO - The Global Status of seaweed production, trade, and utilization, 2018. 
294 FAO.  “The state of World Fisheries and Aquaculture: Meeting the Sustainable Development Goals.” 
2018 
295 Ibid. 
296 FAO.  "Social and economic dimensions of carrageenan seaweed farming."  2013 

https://arpa-e.energy.gov/sites/default/files/Benemann%20ARPA-E%20MacroAlgae%20US%20DOE%20History%20Feb10%20FINAL.pdf
https://arpa-e.energy.gov/sites/default/files/Benemann%20ARPA-E%20MacroAlgae%20US%20DOE%20History%20Feb10%20FINAL.pdf


 

 

62 

 
297 Ibid. 
298 “Seaweeds Used as Human Food.” Food and Agriculture Organization. United Nations. Accessed 
October 3, 2019. http://www.fao.org/3/y4765e/y4765e0b.htm.  
299 Business Insider.  "Plant-based fast food isn't any healthier than the originals — and that's the point."  
2019. 

http://www.fao.org/3/y4765e/y4765e0b.htm

	Are Ocean-Farmed Sea Greens And Plant And Cell-Based Meats Part Of A Sustainable Solution To Feed The World?
	Executive Summary  4

