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Potential for transforming marine
aquaculture from the bottom up for a
sustainable future

9 October 2023
By Charles H. Greene, Ph.D.  and Celina M. Scott-Buechler

A marine microalgae-based aquaculture industry could
have both nutritional and environmental sustainability
advantages over various current food production systems

(https://www.globalseafood.org)
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With the world’s population approaching 10 billion people by 2050, global food production will need to
increase by more than 50 percent to meet humanity’s projected nutritional demand
(https://doi.org/10.1016/S0140-6736(18)31788-4). Currently, terrestrial agriculture provides the
backbone of the global food production system. However, agriculture’s potential to close the projected
mid-century nutritional gap will be constrained by its negative impacts
(https://doi.org/10.5670/oceanog.2022.213) on climate, land use, freshwater resources and
biodiversity.

If we turn to the ocean to try to close this nutritional gap, then we are immediately confronted with the
realization that most wild-capture �sheries are already fully exploited or overexploited
(https://doi.org/10.1038/s41586-021-03308-6). Increased production from current aquaculture
practices is an option, but another potential solution to the food production problem that could have
both nutritional and environmental sustainability advantages would be to shift the focus of
aquaculture down the marine food chain to microalgae.

This article – adapted and summarized from the original publication
(https://doi.org/10.1371/journal.pbio.3001824) (Greene, C.H. and C.M. Scott-Buechler. 2022. Algal
solutions: Transforming marine aquaculture from the bottom up for a sustainable future. PLoS Biol
20(10): e3001824) – presents the perspective that shifting the focus of marine aquaculture down the
food chain to algae could help meet projected global nutritional demands while simultaneously
improving overall environmental sustainability and ocean health.

Microalgae advantages

Authors discuss the potential for transforming marine aquaculture
from the bottom up for a sustainable future and posit that a marine
microalgae-based aquaculture industry could have both nutritional
and environmental sustainability advantages over various current
food production systems. Photo by Jaime Neto, via Wikimedia
Commons.
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As a large polyphyletic (taxonomic groups that have similar character states that descend from one or
more ancestral lineage) group with many unstudied species, microalgae offer a potentially substantial,
mostly untapped source of high-quality nutrition. With many species possessing protein contents
exceeding 40 percent of their dry mass, microalgae typically provide a better source of nutritional
protein and essential amino acids than terrestrial plants. In addition, they provide certain
micronutrients, including vitamins, antioxidants, omega-3 polyunsaturated fatty acids, and minerals,
that are di�cult to derive from other nutritional sources.

(https://link.chtbl.com/aquapod)

Similar to soy, microalgae-derived protein powders can be incorporated into the supply chains for
producing dairy and meat substitutes as well as pasta and baked goods. Most importantly, because of
their high productivity, typically 1 to 2 orders of magnitude greater than terrestrial plants, marine
microalgae cultivated in onshore aquaculture facilities have the potential to meet all of the global
protein demand (https://doi.org/10.5670/oceanog.2016.91) projected for 2050.

Fig. 1: Opportunities for a global marine microalgae aquaculture
industry. (A) Global map of onshore microalgae biomass production
potential based on solar insolation data and an algal growth model,
as modi�ed from [2]. Solar insolation limits higher productivity
potential to lower latitudes. (B) Global map of onshore microalgae
protein production potential constrained by various environmental
and �nancial considerations, as modi�ed from [2]. Inexpensive access
to seawater limits marine microalgae aquaculture facilities to a
relatively narrow band along coastlines. (C) Illustration of marine
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In terms of overall environmental sustainability, because the onshore cultivation of marine microalgae
does not require soil, irrigation, and fertilizer application in the open environment, a marine microalgae-
based aquaculture industry would not need to compete with agriculture for arable land and freshwater
nor lead to fertilizer runoff and the subsequent eutrophication of freshwater and marine ecosystems.
Furthermore, by reducing agriculture’s arable land and freshwater footprints, such an aquaculture
industry could reduce the pressure for deforestation, especially in the tropical rainforests of Southeast
Asia and the Amazon, potentially leading to globally signi�cant reductions in greenhouse gas
emissions and terrestrial biodiversity loss.

Bene�ts to ocean health
A marine microalgae-based aquaculture industry also has the potential to reduce some of the greatest
threats to ocean health. Anthropogenic carbon dioxide (CO ) emissions pose the greatest long-term
threat (https://www.ipcc.ch/site/assets/uploads/sites/3/2022/03/SROCC_FullReport_FINAL.pdf) to
global ocean ecosystems.

Bridging the omega-3 gap with methane,
microalgae

Innovation is leading to new ingredient options for renewable sources of
omega-3 fatty acids. But Replicating long chain fatty acids is a tall order,
Advocate contributor Lisa Duchene discovered.

 3 Global Seafood Alliance

microalgae aquaculture facilities located along a coastal desert plain,
modi�ed from https://doi.org/10.5670/oceanog.2016.91
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Greenhouse warming is increasing the intensity, frequency, and duration of marine heat waves in the
upper ocean. In turn, these marine heat waves are leading to coral bleaching, marine disease outbreaks,
and species’ range shifts. Deeper in the ocean, warming temperatures are leading to deoxygenation and
the expansion of oxygen minimum zones, both of which are detrimental to organisms with aerobic
metabolisms. And �nally, the rapid rise in atmospheric CO  concentration is driving ocean acidi�cation,
which currently is having its greatest impacts in colder, high-latitude marine ecosystems, but will be
impacting all upper ocean ecosystems by the end of the 21st century.

As part of an emerging marine circular bio-economy (https://www.globalseafood.org/advocate/a-
circular-economy-approach-to-transform-the-future-of-marine-aquaculture/), the development of a
marine microalgae-based aquaculture industry can diminish these threats by reducing CO emissions
and enhancing CO  removal efforts. The land-use changes arising from shifting a portion of our food
production system from terrestrial agriculture to microalgae-based aquaculture could lower global CO
emissions signi�cantly. In addition, emissions could be further reduced by using microalgae to produce
fuels and other products currently derived from petroleum.

However, for the full bene�ts of such emission reductions, it will be critical that the CO  utilized in the
cultivation process is derived from the atmosphere and not from fossil sources. This is not as simple
as it sounds. When growing at optimal rates, microalgae take up ionic forms of CO  more rapidly than
they can be replaced by the diffusion of CO  gas across the air-water interface of open-cultivation
systems. This means that CO  must be added regardless of whether the cultivation system involves
open ponds or closed photobioreactors. Presently, CO  is more readily available and less expensive
when derived from fossil sources. Innovation will be required to make atmospherically derived CO  an
economically viable alternative.

Several studies have suggested that deriving the necessary CO  could be achieved by integrating
microalgae cultivation facilities with direct air capture (DAC) or bioenergy with carbon capture and
storage (https://doi.org/10.1002/2017EF000704) technologies.

Current DAC approaches are prohibitively expensive for this purpose; however, integrating DAC with
concentrated solar power or other emerging renewable energy technologies
(https://doi.org/10.1002/2016EF000486) could provide a cost-effective approach for simultaneously
producing high-value commodity products, generating power and capturing CO .

More sustainable �sheries
Furthermore, a marine microalgae-based aquaculture industry could improve the sustainability of wild-
capture �sheries. Not only could such an industry reduce the pressure to overexploit wild stocks for
human consumption, but also it could reduce the demand for �shmeal and �sh oil used in aquafeeds
for today’s �n�sh- and shell�sh-dominated aquaculture industry.

The production of �shmeal and �sh oil replacement products (https://doi.org/10.1038/s41598-018-
33504-w) from marine microalgae could potentially reduce the global wild-capture �sheries harvest by
up to 30 percent and generate a global market value approaching U.S. $6.5 billion in annual net
income. That potential aquafeed income would correspond to 2.6 percent of today’s global seafood
industry’s market value, demonstrating that marine microalgae-based aquaculture could become good
for business as well as for human nutrition and ocean health.

Perspectives
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Regardless of its potential nutritional and environmental bene�ts, a marine microalgae-based
aquaculture industry will need to challenge incumbent industries in the food sector for market share.
The �nancial headwinds faced by this new industry will be stiff because it must meet this challenge
before its technologies are completely mature and before it can achieve the full bene�ts of scale.

On the positive side, these are the same green premium challenges faced and overcome by the solar
and wind energy industries in their early days. Financial investments and market incentives provided by
state and federal governments can help reduce this green premium until the playing �eld is level. The
future function of algae-based solutions in achieving global food security and environmental
sustainability will depend on the actions taken by governments today.
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