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Abstract

Abrupt sunlight reduction scenarios such as a nuclear winter caused by the burning of cities in a
nuclear war, an asteroid/comet impact or an eruption of a large volcano inject large amounts of
particles in the atmosphere, which limit sunlight. This would decimate agriculture as it is practiced
today. We therefore need resilient food sources for such an event. One promising candidate is
seaweed, as it can grow quickly in a wide range of environmental conditions. To explore the
feasibility of seaweed after nuclear war, we simulate the growth of seaweed on a global scale
using an empirical model based on Gracilaria tikvahiae forced by nuclear winter climate
simulations. We assess how quickly global seaweed production could be scaled to provide a
significant fraction of global food demand. We find seaweed can be grown in tropical oceans,
even after nuclear war. The simulated growth is high enough to allow a scale up to an equivalent
of 70 % of the global human caloric demand (spread among food, animal feed, and biofuels) in
around 7 to 16 months, while only using a small fraction of the global ocean area. The results also
show that the growth of seaweed increases with the severity of the nuclear war, as more nutrients
become available due to increased vertical mixing. This means that seaweed has the potential to
be a viable resilient food source for abrupt sunlight reduction scenarios.

Significance Statement

Cooling in abrupt sunlight reduction scenarios (ASRSs) such as nuclear winter will make
agriculture, as it is practiced today, untenable. We therefore need resilient foods that can still
produce yield in such an environment. This study calculates that seaweed will grow after a nuclear
war and its production can be quickly scaled up to provide a significant contribution to global food
security.

Abrupt sunlight reduction scenarios as a risk to global food security

How can we avoid a global famine if Earth’s surface is suddenly receiving significantly less
sunlight? The main mechanisms to cause such a reduction of sunlight are either nuclear war (1,
2), asteroid/comet impacts (3, 4) or large volcanic eruptions (5, 6). Those three mechanisms are
grouped together as abrupt sunlight reduction scenarios (ASRSs). These scenarios could lead to
a massive injection of particles into the upper atmosphere, where they have long residence times,
limiting sunlight reaching the Earth’s surface, in turn disrupting global climate and causing a
significant drop in temperature. For example, after a large nuclear war, global temperature could
drop up to 9°C below current values (1, 7). In the historical and paleo records, large volcanic
eruptions lead to reductions of global average temperature on the order of 1°C (8, 9), with higher
reductions on land and in the Northern Hemisphere, leading to famines, disease outbreaks,
political instability, and regime changes (10).

Extreme changes in temperature due to nuclear winter might reduce currently practiced
agriculture by about 90% if no extensive precautions and adaptations are taken (11). The effects
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of ASRSs scale with the size of the impacting event, but it is established that even smaller events
like a regional nuclear war could have a large negative impact (12, 13) in both combatant and
non-combatant countries (14). Therefore, a much larger effect can be expected for a full-scale
nuclear war and other large ASRSs. The effects would differ strongly between countries, due to
differences in national food production and storage, as well as spatially heterogeneous effects of
the ASRS on the climate (1, 15).

If such an ASRS event occurred today, it would hit a largely unprepared world. Wheat is the most
widely stored food, and global storage would only last for a few months at current consumption
(16), while the cool climate after an ASRS can persist from years to over a decade (1, 5, 7). Other
sources of food including wild captured fish could decrease quickly, especially if they are not
managed sustainably before the ASRS (17). This means that alternative food sources are needed
to avoid a global famine. They need to reliably produce food over several years, even if there is
less sunlight available, and the temperature is lower. We will refer to these as resilient foods in
the following.

Why seaweed?

Recent years have seen a constant increase in the research on resilient foods (18, 19), especially
for ASRSs (20, 21). Resilient food solutions include leaf protein concentrate (22), greenhouse
crop production (23), single cell protein from natural gas (24) and hydrogen (25), sugar from
lignocellulosic biomass (26), synthetic fat from petroleum (27), and wild edible plants (19). In
combination, these resilient food solutions could provide enough calories to avoid anyone starving
after the nuclear war scenario (15). However, many of the resilient foods are in a very early stage
of technological development. It would be difficult to ramp up production on very short notice to
produce enough food to avoid a global famine. Other well-developed resilient foods are needed
that can be used in low tech settings.

One promising candidate is seaweed (18, 21). It is fast growing and highly scalable (28, 29), and
has been highlighted as a valuable addition to the global food supply by the FAO for decades
(30-32), since it is not competing with conventional agriculture when it comes to freshwater, land,
fertilizers or pesticides (33). It also has been an important part of human food for millennia and
was used in its dried form for long voyages hundreds of years ago (34). Seaweed gives good
yields even in low tech settings (28). In addition, a nuclear conflict and large volcanic eruptions
will likely lead to a higher intensity of UV radiation at the Earth’s surface, as the ozone layer could
be depleted (35-37). In comparison to land-based agriculture, seaweed is partly shielded from
this by the water it grows in. Moreover, seaweed is a potential biofuel solution (29, 38). Recent
research established that seaweed could contribute up to 100 % of the human protein need (39)
and that globally around 48 million km2 are suitable for seaweed production (40). However, the
places best suited for seaweed production today are likely to differ in an ASRS, due to changes
in temperature and nutrient availability caused by changes in climate and the ocean state(41).

This paper aims to establish where and how well seaweed would grow in an ASRS. We base this
on nuclear winter Earth system simulations, as this kind of ASRS has been studied most, and
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detailed datasets are available (1, 41). To evaluate the feasibility of seaweed as a resilient food
we use a global, empirical seaweed growth model based on Gracilaria tikvahiae (42, 43), which
is used for human consumption (44), is grown globally (e.g. in Brazil and China) (45) and shows
growth behavior and resource needs in the range of many other seaweed (46). This model uses
nuclear winter ocean simulation and calculates the fraction of the optimal growth rate for seaweed
based on factors for nutrients, salinity, temperature and illumination. This total growth factor is
the product of those factors. The second aim is to explore how quickly seaweed can be scaled up
to meet an equivalent 70% of the global human caloric need, as this would be enough seaweed
to contribute to both food and animal feed, while not risking iodine poisoning, and still having
enough seaweed to keep current biofuel production running. This scale-up calculation is based
on the growth rates from the seaweed growth model. Taken together, this will evaluate the
feasibility of seaweed as a resilient food in an ASRS.

Growing seaweed after nuclear war

Running the seaweed growth model for the first ten years after nuclear war calculates seaweed
growth rate for all oceans globally. Looking at those growth rates in aggregate has two clear
results (Figure 1). First, that seaweed growth rate is directly proportional to nuclear war severity,
with faster growth under more extreme forcing. Second, the growth of seaweed is fastest at the
beginning of the ten years (with a peak at year two) and slows down over time. This seems
counterintuitive, as one would expect that seaweed growth would be more limited the more
climate is impacted. However, the main factor to limit growth is not temperature or illumination,
but nutrients (Figure 2). The ocean surface is generally nutrient poor. This changes after a nuclear
war, as global ocean circulation patterns are disrupted and nutrients are brought to the surface
due to increased vertical mixing during the cooling event, creating a new ocean state with
enhanced surface macronutrients that lasts for decades (41). This vertical mixing process is
proportional to the severity of the nuclear war (41), which in turn leads to the improved seaweed
growth after more severe nuclear wars.

[— 150 Tg ==mm 47 Tg 37 Tg 27 Tg 16 Tg 5Tg Control

Median Daily Growth Rate [%]

|

| N + ,I

1 2 3 4 5 6 7 8 9 10
Year after Nuclear War


https://www.zotero.org/google-docs/?YWnAnm
https://www.zotero.org/google-docs/?x8B83U
https://www.zotero.org/google-docs/?vTO2Pq
https://www.zotero.org/google-docs/?kJkNfb
https://www.zotero.org/google-docs/?ou8Xlk
https://www.zotero.org/google-docs/?bwGeeI
https://www.zotero.org/google-docs/?3Zcpbg

Figure 1: Comparison of global median daily seaweed growth after nuclear war of different
magnitude and a control run. Colors indicate the severity of the nuclear war in teragrams
soot ejected. Control is a scenario without soot injection. Growth rates shown only include
areas between -45° to +45° of latitude, as the areas north and south of this are unsuitable
for Gracilaria tikvahiae even before the nuclear war. Grey bar indicates the range of the
results of the control run to show the variability of the model without a soot injection.

The following results and discussion will focus on the US-Russia 150 Tg (trillion grams = million
tons) of soot scenario, as in such a case seaweed is most important as an addition to food
security, while also having the highest growth. There are three distinct growth regimes determined
using k-means clustering, which groups regions (Figure 3) together that have a similar growth
pattern over time (Figure 2). In the following, we describe the differences in cluster behavior and
location:

- Cluster 1 (Fig 2 left panels): This cluster is unsuited for Gracilaria tikvahiae before the
nuclear war, due to limited nutrients. This changes shortly after the onset of the cooling
event (Fig 2d) as nutrient limitation decreases and thus the seaweed can grow faster. This
effect continues throughout the nuclear winter, but becomes more seasonal and weaker
over time. After the first 1-2 years, this nutrient effect is countered by increased
temperature limitation as the ocean cools (Figure 2j), leading to overall declining growth.
Also, the growth declines after the third year even more, due to increased nutrient
limitation, though this varies regionally, with some portions of the cluster (lighter green)
having relieved nutrient stress and elevated growth after more than 100 months (Figure
2m). This cluster can be found globally near the equator + 30° latitude and covers one third
of the global ocean area (Figure 3).

- Cluster 2 (Figure 2 center panels): This cluster is characterized by its very low overall total
growth factor (Figure 2n). The median growth factor is close to zero for the entire 10 years
of the time series. However, different regions in this cluster are growth limited for different
reasons. While a large portion of the regions are limited by being located in very high or
very low latitudes and thus in water too cold and dark to grow seaweed, another portion
is located in warm, but nutrient poor environments closer to the equator and marginal seas
where the ocean model does not simulate nutrient dynamics well (Figure 3). These regions
are nutrient poor, due to little exchange of water with other parts of the ocean. However,
this might also be partly an artifact of the resolution of the forcing simulated data, as this
area is only represented by few data points, and nutrients from rivers are not included.
Cluster 2 accounts roughly for half of the global ocean area.

- Cluster 3 (Figure 2 right panels): The regions in this cluster show the highest overall growth
factor, with an average of almost half of the optimal growth rate (Figure 20). They are also
very suitable for seaweed even before a nuclear war. Still, those regions experience a
drop in their productivity after the nuclear war. The overall growth factor declines slowly
for the first 6-7 years, before it starts to rise again. This drop is driven by declining
temperature and declining nutrient availability (Figure 2f, 2I). The temperature reaches its
pre-war values after 5-6 years, while the nutrients follow 1-2 years after that. After
recovery, the nutrients even reach values higher than during the pre-war period. Most of



the regions with this growth pattern are located in the Pacific Ocean and far away from
human settlements (Figure 3). Still, there are several areas with this growth pattern that
are located near coasts (e.g. in Chile and Peru). It covers 13 % of the global ocean area.
In addition, there are also occurrences of this growth pattern where major rivers meet the
ocean (e.g. Ganges Delta, Bight of Biafra, Senegal River Delta). The cluster is strongly
influenced by the so-called Nuclear Nifio (47). This means that the shift in ocean currents
due to the nuclear winter creates El Nifio like weather and ocean conditions for several
years with warmer water in much of the ocean west of Central America. Finally, this cluster
partly overlaps with the regions that have been identified as being best for low cost, large
scale seaweed farming (48).


https://www.zotero.org/google-docs/?zb9dpa
https://www.zotero.org/google-docs/?RExzkR

Cluster: 1, 33% of Ocean Area Cluster: 2, 54% of Ocean Area Cluster: 3, 13% of Ocean Area
1.00 a) b) )

0.75
Il Median

0.50 | Q40 - Q60
I Q30-Q70
Q20 - Q80
Q10 - Q90

Salinity Factor

Nutrient Factor

Illumination Factor

0.00

1.00 j)
0.75

0.50

0.25

Temperature Factor

1.00 m) n) o)
0.50
0.00 ——————— e
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Months since nuclear war Months since nuclear war Months since nuclear war

Total Growth Factor

Figure 2: Time series of the growth factors (salinity, nutrients, illumination, temperature)
for the three Gracilaria tikvahiae growth regime clusters and the overall total growth factor
(which is the product of the four factors). The black line indicates the median in the cluster.
Q refers to quantiles. Green shaded areas show how much of all the time series of the
cluster is contained within the range. The darkest green contains the 20% of the time series
that are closest to the median, while the next shade of green contains 40 %, up to a value
of 80 % of the dataset for the lightest green. All calculations are weighted by area of
covered ocean regions.



Overall, cluster 1 and especially cluster 3 are most suited for seaweed cultivation after nuclear
war, while cluster 2 should be mostly avoided. Additional figures showing the seaweed growth
patterns for a selection of large marine ecosystems (Figure S1, S2) and an example of the global
distribution of growth rates (Figure S3-S5) can be found in the supplementary information . Our
results highlight that the main factors for reduced growth are nutrients and to a lesser extent
temperature.

0

Latitude

=150 - 7]:00 7 -50 0 50 100 150
Longitude

Figure 3: Global locations of the Gracilaria tikvahiae growth regime clusters for a 150 Tg
nuclear war scenario. Colors indicate the different clusters. White areas indicate missing
data.

Scaling up of seaweed production

After calculating the growth rates after nuclear war, we use a scale-up model to calculate how
quickly seaweed farming can be scaled up to a level needed to produce an equivalent of 70 % of
the global human food demand. The model assumes that seaweed farms are built until the area
needed to fulfill 70 % of the global human food demand can be satisfied on average over the 10
years of the simulation. The yield is used to stock existing farms until those are saturated.
Thereafter, all yield is used for food, feed and biofuel. This is under the assumption that enough
other food resources are available until the seaweed is scaled up and therefore seaweed can
only be distributed for consumption once the target yield is reached (15). This way the overall
availability of food for the years after the nuclear war is maximized.

The model assumes an initial global seaweed stock of 10,000 t on an area of 100 kmz2. Currently,
around 35,000,000 t of seaweed are produced annually (45) on an area of around 1,600 kmz2 (49).
This means the starting parameters of the model are considerably less than the area used and
amount produced today, and were chosen to have a conservative estimate that reflects the
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possible disruptions by a nuclear war. This includes inability to grow tropical seaweed species
after nuclear war and transporting suitable seaweed species to their new growing areas.

Cluster 2 has such a low overall growth rate that it is excluded from further analysis, as it would
be ineffective to grow seaweed there. Clusters 1 and 3 are productive enough to produce enough
seaweed to satisfy 70 % of global caloric demand on average over the entire 10 years of the
ASRS event(Figure 4). However, the clusters differ considerably in how quickly they can provide
seaweed, when they have their peak productivity and how much growing area is needed.

Cluster 1
= (Cluster 3

Scenario 150 Tg

175
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25
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Figure 4: Seaweed production as percent of human food demand for suitable seaweed
growth clusters (150 Tg nuclear war scenario and 30 % per day as optimal growth rate).
This is optimized for meeting an equivalent of 70 % of the global human caloric demand
on average for the whole 10 years (gray line).

Cluster 1 is the least productive of the viable clusters suited for seaweed production. Due to its
lower productivity it takes considerably longer to reach saturation and produce yields (~16
months; Figure 4). Also it needs a very large area (247,000 km2), as the growth rates decline over
time. It still might be a worthwhile investment to create seaweed farms here, as many countries
only have this cluster available (e.g. Australia, United States) and it allows food production in the
first few years of the nuclear winter, when food security is most under threat (50). Given a
seaweed water content of 11 % (51) this results in an average yield of 8.7 tons dry/year/hectare
for cluster 1 (median growth rate 3.3 % per day).

As cluster 3 is located in highly productive areas, it can be quickly scaled up, with daily growth
rates reaching 50 % (and above) of the optimum around half of the time (Figure 2). Thus, after
around 7 months, enough seaweed is grown that it can be used to feed people instead of
saturating new seaweed farms. Due to this high yield, only around 63,000 km2 of ocean are
needed to produce the seaweed with this cluster, which is about the size of Lithuania. In
comparison, the exclusive economic zone of Peru alone, which consists mostly of cluster 3 has
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a total size of around 900,000 km?, of which a considerable fraction has shallow depths and thus
allows low-tech seaweed farming (though not all is near ports), while also being a low cost area
for seaweed production (48). This means that enough area is available to grow seaweed on such
a global scale. Given a seaweed water content of 11 % (51) this results in an average yield of
33.99 tons dry/year/hectare for cluster 3 (median growth rate 13.3 % per day).

Potential challenges and their implications

Scaling up seaweed farm infrastructure

Our study demonstrates that seaweed can play a significant role in meeting human food demands
following a severe nuclear war. Our findings indicate that a scaled-up seaweed production of 70%
of human food demand is possible in as much as 7 months. However, the results also show that
the global median of seaweed growth is smaller in less severe nuclear exchanges, as fewer
nutrients reach the surface waters of the ocean, limiting seaweed growth (Figure 1). However,
this does not mean that scale-up will be slower in those cases (Figure S6), as in all nuclear war
scenarios there are wide areas in the oceans with high growth rates. The limiting factor is the
speed of the global scaleup in the construction of new seaweed farms and not the growth rate.
For the more severe scenarios a slightly longer scale-up is needed, to account for the fact that
the growth rate experiences a lower dip in year three, which was to be compensated with a bigger
area. Still, this means that seaweed could be a viable addition to global food security now and in
severe ASRSs, but also in smaller nuclear exchanges and volcanic eruptions.

To fully take advantage of the fast growing seaweed, hundreds of km2 of seaweed farms would
have to be built each day. However, seaweed farms can be quite low tech and still provide good
yields (28) (Figure S7). It also has been proposed to build 100 km? floatable seaweed rafts (52).
If those could be mass produced it would be possible to cover even much more area per day, thus
allowing production of even more seaweed than proposed here. The creation of those seaweed
farms would be a global priority in the case of nuclear war. Therefore, it seems possible to create
farms of this magnitude, especially as past work has shown that there are enough resources to
scale up greenhouse production by a larger amount than needed for seaweed farms here (23).
Analysis of the scale up of the infrastructure is beyond the scope of this paper, but will need to be
studied in future research.

With decreasing productivity the seaweed needs increasingly large areas to meet a production
equivalent to 70 % of global human food demand. Still, the 178,000 km2 needed for the less
productive areas are a very small fraction of the global ocean area. A recent study showed that
this is also the same magnitude of area needed to sequester a gigaton of Carbon from the
atmosphere (48). The United States alone has coastal waters not further than 2.5 km from the
coastline or 50 km from a harbor of around 145,000 km2. Those coastal waters are suitable for
relatively low tech seaweed farms (28, 53). This means that even in the case that seaweed
production is much more unproductive than estimated here, globally there are much larger areas
available for growing seaweed than are needed in even the most pessimistic cases. Still, the
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results show that areas that are currently seen as resilient in a nuclear winter like New Zealand
(54) will not be able to further improve their resilience with seaweed, as their coastal waters are
either too cold or nutrient poor.

The seaweed farm design in this study assumes a very low tech approach, which mainly consists
of ropes that are kept in place by anchors and buoys (28, 53). This is done to assess the feasibility
of seaweed production after nuclear war under the worst conditions. However, this also means
that higher yields and lower labor requirements could be accomplished by using more modern,
offshore approaches to seaweed production (55). This also opens up the possibility to grow more
of the seaweed in cluster 3, to ensure the highest growth rates possible. As such, productive
offshore cultivation is possible with current and near-future technologies (56); however, such high
tech solutions may not be accessible to all in an ASRS. Therefore, low-tech options such as small
scale vessels for transport are a viable alternative, as more people have the skills to use them
and they have lower energy requirements.

Nutrient availability for seaweed growth

In many regions of the ocean net primary production is strongly limited by iron availability, both
before and after a nuclear war (41). However, the research on this is mainly based on
phytoplankton and not on seaweed (e.g. (57)). While there is some evidence that seaweed growth
can be inhibited by iron deficiency (58), this does not seem to be a major limiting factor. Iron is
mainly needed for the reduction of nitrate (59). Therefore, if the nitrogen is available as
ammonium, seaweed can also grow in iron sparse environments. The seaweed growth model
considers ammonium, nitrate and phosphate and limits the growth with the nutrient that is least
available. In the case of this study, ammonium is usually the limiting factor (Figure S8). Still, the
ammonium is enough to support the growth rates shown here. This also means that the growth
rates could be further enhanced by making more iron available, as this would allow the seaweed
to also use nitrate. Therefore, iron fertilization might be a good way to increase growth rates
further. Such large scale ocean fertilization with iron would be an unprecedented project, yet it
has also been proposed as a climate change solution (60). Therefore, research into potential
ocean fertilization could both help mitigate risks from climate change and nuclear winter.

Potential problems of seaweed consumption

Seaweed can have high concentrations of essential elements such as iodine and heavy metals
such as arsenic, which are associated with health risks (61). The United States defines the
tolerable upper intake level of iodine for almost all individuals as 1.1 mg per day. However, other
countries with a diet richer in iodine tolerate higher limits (e.g. Japan (62)). There has also been
research showing that humans can tolerate extremely high levels of iodine of around 50 mg per
day for a prolonged period of time, without suffering permanent damage (63). This means that,
at least for a few months, high iodine levels in the food due to a large intake of seaweed could be
tolerable. Also, iodine concentration in seaweed varies considerably and changes with season,
location, preparation and species (64, 65). Therefore, iodine concentrations and other potentially
harmful substances would have to be monitored.
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Radioactive fallout, that is, the deposition of radionuclides, is characterized by uneven distribution,
which highly depends on scale of and targets in a nuclear war. Radionuclide concentration and
behavior has been explored in some depth in the aftermath of events such as the Fukushima
nuclear accident (66). The main risks come from consuming fish, as those accumulate
environmental contaminants. However, it remains unclear how the much larger emission of
radioactive particles during a nuclear war would play out. Continuous surveillance will be
necessary to define high-risk foods. One particular concern is the fact that seaweeds tend to be
high in iodine, and radioactive iodine could be incorporated instead. However, since the half-life
is only hours to days (depending on the isotope) (67), it should not be a significant problem as the
seaweed needs to be scaled up first and would only be consumed after several months.

Harvest and preparation for consumption

The seaweed scale-up model assumes a constant loss of 20 % of yields to grazers such as fish,
epiphytes (plants growing on the seaweed) and diseases. This is the upper bound commonly
found in marine fisheries (68). However, values in extremely large seaweed farming might differ
considerably. Therefore, adaptations will have to be made to ensure healthy conditions for
seaweed. One promising way to ensure this is seaweed diversification (69). This simply means
that seaweed should not be grown in monoculture.

It is unclear which seaweed species would be overall best suited for food production after a
nuclear war. However, it is likely that a variety of different seaweed species could be used to make
food production more resilient, adapt it to the local environment, and provide diet diversity. Still,
this work makes a contribution to our understanding of food production after nuclear war, as it
shows how much seaweed production will shift due to the changed climatic conditions. Species
selection must focus on how well they cope with potential environmental stressors including low
temperature, nutrients, grazing pressure and pathogens. In addition, this selection of seaweed
species can be used to optimize the nutrient content (e.g. making sure that enough fat and protein
is available).

Seaweed spoils quickly once harvested. Therefore, most of it has to be preserved to get it to
consumers. There are a variety of preservation methods including salting, canning, freezing and
drying. Drying has the further advantage of reducing shipping mass and cost. Currently, seaweed
is often dried by solar drying (70). However, this will generally not be feasible in the colder, higher
relative humidity, lower sunlight conditions of nuclear winter. While seaweed can also be dried by
freeze drying, vacuum drying and convective air drying (64), none of these techniques have been
used to dry seaweed on the scale needed after nuclear war. Therefore, additional research is
needed to demonstrate the feasibility in this condition.
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Preparations to ensure successful seaweed production after a
nuclear war

The challenges that have to be overcome to produce seaweed on such a large scale as proposed
in this paper are considerable. However, there is also much that could be done today to elevate
the chances of success:

In many seaweed farm designs, seaweed is either inserted into twisted rope by hand or
seaweed spores are allowed to grow on seedling lines in so-called hatcheries (28, 71).
The latter is more efficient, but needs some infrastructure set up in preparation. The
infrastructure to allow this could be deployed in regions that would have high seaweed
growth rates after nuclear war.

Creating such a large number of seaweed farms will likely consume a considerable
amount of working hours and materials. If plans are made beforehand that outline how
this can be accomplished, the response would be quicker.

This study focuses on Gracilaria tikvahiae, because it has an empirical growth model
available (72). It is likely that successful food production with seaweed in an ASRS needs
a wider variety of species. This means there is a need to model additional species, so that
the best species combination for every region can be identified.

lodine is the main limiting factor when it comes to using seaweed for human consumption.
However, the amount of iodine in seaweed varies strongly depending on species,
preparation and environmental factors. If the amount of iodine could be reduced cost-
effectively, more humans and animals could be fed with seaweed.

The ocean model used has a resolution of ~1°. This means that marginal seas like the
Red Sea cannot be modeled in a sufficient resolution. If data with a finer resolution
becomes available this study could be repeated to discover how suitable marginal seas
are for seaweed production after nuclear war.

Seaweed is not only a good source of food after nuclear war, but also now (32). This
means that food security could be improved both today and after nuclear war, if seaweed
would be used more today. This would also improve the pool of skilled labor and improve
the technology available. Especially promising are places that have a high productivity
both now and after nuclear war (e.g. west coast of South America).

There are also calls to action to use seaweed as a way to sequester carbon from the
atmosphere to combat climate change (39). A recent global analysis has identified a
suitable global ocean area of 48 million kmz2 suitable for seaweed production (40). Even if
only a fraction of this potential would be realized this would provide both climate change
benefits and increase civilizational resilience in ASRSs.

Conclusion

Seaweed has a high potential to be an important pillar of global food security. Not only now, but
also after a nuclear war. This study shows that, especially in the case of a severe nuclear war,
large ocean areas exist that have high growth rates. Partly, these are also located in areas where
seaweed production is feasible today, highlighting important areas to facilitate seaweed
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production now. Given enough preparation and using the most productive areas available,
seaweed could produce an equivalent of 70 % of global human caloric needs after only 7 months.
While a pure seaweed diet is not possible, this intervention would have an expected value of
averting ~1.2 billion deaths from starvation (15 % of human food demand times 8 billion people).
The main bottleneck to produce enough seaweed to make a significant contribution to global food
security is the speed at which the construction of new seaweed farms can be scaled up.
Therefore, investments into increasing such capacity would help to avoid a global famine in an
ASRS. In addition, global carbon sequestration with seaweed has a similar demand in inputs as
the scale proposed here to use seaweed as a resilient food after a nuclear war (48). This means
that seaweed farming at 30 times the scale of today would combat climate change, while also
making the food system much more resilient in ASRSs.

Methods

The analysis in this paper is done in a two step approach (Figure 5). First, we use an empirical
seaweed model to calculate global seaweed growth after nuclear war. Second, we use the
resulting growth rates to calculate how quickly global seaweed production can be scaled up to
meet 70 % of the global caloric need.
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Nitrate Ammonium Phosphate

Water

Salinity Illumination Nutrients
Temperature

Figure 5: Workflow for modeling set-up and simulation. The seaweed growth model
calculates seaweed growth rates based on nuclear winter environmental simulation. Based
on those growth rates, the scale-up model estimates how quickly 70 % of the global caloric
demand could be satisfied with seaweed and how much area would be needed for this.
Hexagons highlight resulting data, ellipses inputs (forcing and assumptions) and squares
the models.

Seaweed Species Selection for Modelling

Seaweeds exhibit a wide range in their properties including morphology, nutrient content and
their preferred environmental conditions. A seaweed species was chosen that would be
successful in the conditions of a nuclear winter. The growth model is based on the species
Gracilaria tikvahiae (42, 43), a morphologically variable red macrophytic algae (Rhodophyta)
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(Figure S9). It is commonly found in the Atlantic estuarine environments and the Western North
Atlantic Ocean, with extremes of its geographic range may be found in the environmental regimes
of Canada and southern Mexico (73).

Gracilaria tikvahiae was chosen for its persistence in the vegetative condition so that it can be
continuously trimmed as well as its growth rate and dry weight yield (43) under a wide variety of
environmental conditions, is used for human consumption (44) and is grown commercially in
countries around the world (e.g. China, Brazil and Monaco) (45). Its current growing conditions
are similar to those found near the equator in the case of nuclear winter (41) and its environmental
constraints for growth are well known (72). It has also been proven to be suitable for offshore
cultivation (38). It has growth rates, as well as nutrient, illumination and temperature needs which
are in a typical range for seaweeds (46, 74).

Seaweed Growth Model

The analysis to assess the feasibility of seaweed as a resilient food source is split into two steps
(Figure 5). First, we calculate the growth rate of the seaweed on a global scale. To do this we use
the empirical model for the growth of Gracilaria tikvahiae based on James and Boriah (72). The
model uses growth limitations. It starts with the optimal growth rate of 30 % per day, which is
conservative (75, 76), as cases with up to 60 % per day have been reported in controlled
experiments for Gracilaria tikvahiae (43). The optimal growth rate is multiplied by limiting factors
for illumination, temperature, nutrients, salinity and self-shading, which results in the actual growth
rate. For a detailed description of the factors see the Figure S10-S14. The code (77) and data
(78) for the growth model can be found at the corresponding repositories. We excluded the self-
shading factor in our adaptation of the growth model and only looked at it in the scale-up model,
as it is more relevant for continuous harvesting and less so for assessing if seaweed can grow
after nuclear war at all. This means that in the scale-up model, the seaweed is regularly harvested
to maximize yield subject to a reasonable harvest frequency.

The growth model uses as its forcing Earth system model simulation (1, 41), which models the
impact of a range of nuclear wars on the global ocean state. This ocean model simulation
component contains information about salinity, sea surface temperature, illumination, and
nutrients (ammonium, nitrate, phosphate). The original dataset reflects the effects of a nuclear
war on the atmosphere and oceans. The scenarios consists of soot injections of 5, 16, 27, 37, 47
and 150 Tg of soot into the atmosphere and a control run. The ocean model has a resolution of
~1° grid cells. Due to this resolution, processes near coasts underestimate nutrient fluxes and
thus overall productivity near coasts. We model the first ten years after a nuclear war, as after
those ten years conventional agriculture largely recovers (1).

When the seaweed model is run, it results in a time series for all the growth factors and the total
growth factor, for each grid cell in the ocean. The total growth factor is simply the product of the
single growth factors. To find patterns in the total growth factors between different grid cells, we
clustered the time series of the total growth factor using k-means clustering with dynamic time
warping (79) as the distance measure, as implemented in tslearn (80). Dynamic time warping
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allows the similarity of two time series to be detected, even if they happen at different speeds. In
the case of this paper, two regions will be counted in the same cluster if they have the same overall
growth pattern, even if the pattern is slightly shifted in both timing and amplitude. The optimal
number of clusters was determined by using the elbow method (Figure S15) and resulted in three
distinct clusters, which represent the main growth regimes in seaweed that can be found after
nuclear war.

Seaweed Scale-Up Model

The second step in our analysis is a scale-up model (81). This model uses the modeled seaweed
growth rates to calculate how quickly society could scale up global seaweed production to account
for an equivalent 70 % of global human caloric demand. This would be enough to substitute
15 % of human food by seaweed, 10 % of animal feed and 100 % of the global biofuel production
(though it may not be feasible for seaweed to provide bio diesel, the conversion of efficiency of
seaweed to ethanol may be lower than that for grains, necessitating a greater seaweed supply
(82)). While it seems to be possible to feed humans iodine in levels that account for roughly
20 % of the food from seaweed (63), this results in health problems. We therefore settled to
15 % for food to have a wider safety margin. Similar, but possibly stricter limits can be found in
animals (83). However, there are also reports of animals being fed almost exclusively seaweed
(84), so the limits used in this study are on the cautious side.

The model scales up the seaweed in such a way that over the whole time period of ten years
70 % of global calories can be produced on average. The amount of new seaweed farms built
each day is represented by a logistic curve (Figure S16), which models the scale-up of seaweed
farm production by comparing it to the scale-up of aircraft production in World War Il in the United
States (85). In each time step the model grows the seaweed by using the modeled seaweed
growth rate for that day. This accounts for self-shading (72) (Figure S14) and how much area is
available to grow seaweed. The seaweed grows until it has reached a density of 3.6 kg per m2
and is then cut back to 1.2 kg per m?, the optimal trimming threshold to minimize self-shading (38,
43). Once the whole seaweed farm area is saturated with seaweed, all yield thereafter can be
used to produce food, feed and biofuel. This is based on a low tech seaweed farm design. Such
designs consist mainly of seedling lines to attach the seaweed, longlines to attach the seedling
lines, buoyant to keep the longlines afloat and anchors to fix the farm in place (28). See (53) for
a selection of low tech seaweed farm design schematics.

Seaweed farm building scale-up

To estimate how quickly seaweed farms could be built, we mainly looked at rope production, as
this is the main component and most complex part of low-tech seaweed farming (28). The other
main components being anchors and buoys, which can be substituted through rocks and black
plastic bottles (86). Currently 60.5 million tonnes of polyester fibers are produced per year (87),
Out of this synthetic fiber category at least polyamide (Nylon), polypropylene and polyethylene
are suitable for seaweed farms. Conservatively, we are assuming no additional scale-up of fiber
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production and that only 50 million tonnes of global polyester production are suitable for seaweed
farms. Given the 2 types of ropes (0.025 kg/m for seedling lines and 0.11 kg/m for longlines) in
the farm design 33.9 tons of suitable rope are needed to create 1 km2 of seaweed farm in a low
tech setting. This means that around 4000 km? of seaweed farms can be built per day with current
global fiber production. However, the current production of ropes is much lower than that and will
need to be scaled up. To estimate the possible speed of this scale-up we use the switch of the
American automobile industry to producing aircraft (and other war machinery outputs) in the
Second World War (85). This shows that a considerable scale up can be done in around 9 months.
To finally estimate the seaweed farm production over time, we use the scale up speed from the
Second World War with 4000 km2 as the maximum production and fit a logistic growth curve to it
(Figure S12).

We further assume that the distribution and installation of the seaweed farms will be possible if
the needed amount of rope will be provided. Overall, the seaweed farm production is a
considerably smaller effort than the American war effort in World War Two alone, and should thus
be possible to accomplish now as well.
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Supporting Information for “Seaweed as a resilient
food solution after nuclear war”

Large Marine Ecosystem Growth Rates

The growth rates of seaweed were also calculated for all 66 large marine ecosystems (LMEs).
The following are those referred to in the main manuscript. All others can be found in the
repository of this paper (1).

LME: Humboldt Current
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Figure S1: Time series of the growth factors (salinity, nutrients, illumination, temperature)
and the overall growth rate (which is the product of the four factors) for the Humboldt
Current (150 Tg).
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LME: New Zealand Shelf
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Figure S2: Time series of the growth factors (salinity, nutrients, illumination, temperature)
and the overall growth rate (which is the product of the four factors) for the New Zealand
Shelf (150 Tg).
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Figure S3: Global distribution of mean daily seaweed growth rates in percent per day for
year 1 after the nuclear war (150 Tg).
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Figure S4: Global distribution of mean daily seaweed growth rates in percent for per day
year 5 after the nuclear war (150 Tg).
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Figure S5: Global distribution of mean daily seaweed growth rates in percent per day for
year 10 after the nuclear war (150 Tg).
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Figure S6: Food satisfaction of the global population by seaweed for the fastest growing
cluster in all nuclear war scenarios and the control run.



Figure S7: Examples of low tech seaweed farming (Copyright: Michael Y. Roleda).
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Figure S8: Global median of the three nutrient subfactors (150 Tg).



Figure S9: Morphology of Gracilaria tikvahiae (Photo by James St. John, CC BY)



Growth Limitation Functions

The following equations are the ones used to calculate the growth factors in the seaweed
growth model. They are based on Scott and Boriah (2010) (2), who used growth data from
experiments with Gracilaria tikvahiae and built an empirical model that could reproduce the
growth data. All factors can experience values between 0 and 1, where 0 means no growth and
1 is optimal growth.

Light
Experimental data (3, 4) shows that Gracilaria tikvahiae becomes light saturated at 21.9 W per
m? and experiences an inhibition of growth starting at values of 109.5 W per m?. Between 0 and
21.9 W per m? we see a steep increase in growth, while we see a slow decline in growth if the
seaweed becomes oversaturated above 109.5 W per m2 The empirical formula to reproduce
the illumination (l) pattern see in the data is:

1 1 w

f(nH = T_gexp(l —Tg) forl > 21.9 —=

fin =1 for21.9 < I < 109.5-+
109.5 w

f = — forl > 109.5 —
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Figure S$10: Gracilaria tikvahiae light-limitation function.
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Temperature

Growth is reduced below 24°C and above 30°C and mostly suppressed below 7°C and above
37°C, with optimum temperatures (T) between 24 and 30°C. This is based on data by Hansiak
(1987) (4). The data show a slow logistic increase between 0°C, before reaching the optimum at
24°C. A faster decline happens above 30°C when it gets too hot for the seaweed. The empirical
formula to reproduce this pattern is:

g(T) = exp(— 0.017(24 — T)*)  forT > 24°C
g(T) =1 for24 < T < 30°C

g(T) = exp(— 0.064(T — 30)>) forT > 30°C
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Figure S11: Gracilaria tikvahiae temperature-limitation function.
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Nutrients

For nutrients no reliable data is available for Gracilaria tikvahiae. Therefore, data for Gracilaria
foliifera are used (5, 6). DeBoer and D’Elia (5, 6) propose half-saturation constants (7) of 0.4
pmol/L for Nitrate (N), 0.3 pmol/L for Ammonium (A) and 0.1 umol/L for Phosphate (P). The
resulting equations are:

h(N) = 0.41\1r N
h(4) = O.3A+A
h(P) = 0.1P+P

The nutrient factor is the minimum of the three nutrient limitation factors following Liebig's law of
the minimum (8).
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Figure S12: Gracilaria tikvahiae nutrient-limitation function.
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Salinity

Growth of Gracilaria tikvahiae is optimal for a salinity (S) between 24 and 36 ppt (4). Higher and
lower concentrations hinder the growth, but growth was still possible above 0 ppt and below 44
ppt. The empirical formula to reproduce this pattern is:

i(S) = exp(— 0.007(24 — S)?) forS < 24ppt
i =1 for24 < § < 36ppt
i(S) = exp(— 0.063(S — 36)%) forS > 36ppt
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Figure S13: Gracilaria tikvahiae salinity-limitation function.
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Self-Shading

The growth of Gracilaria tikvahiae declines above a density (D) of 0.4 kg per m? due to
self-shading of the seaweed (9). The self-shading is used in the scale-up model. The empirical
formula to reproduce the growth pattern is:

. _ kg
jiD) =1 forD < 0.4
i = - — kg
j(D) = exp(— 0.513(D — 0.4)) forD = 0.4—3
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Figure S14: Gracilaria tikvahiae self-shading-limitation function.
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Elbow method

To determine the best number of clusters in an unsupervised clustering method the so-called
elbow method is often used. It visualizes the trade-off between trying to minimize the number of
clusters with having the most accurate model of the data. The elbow of the plot identifies the
best numbers of clusters for this trade-off (10). In the case of this study, a good trade-off can be

found at three clusters (Figure S7).
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Figure S15: Distortion (sum of squared distances from each point to its assigned center)
for 1 to 6 clusters (150 Tg).
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Seaweed farm building scale-up

Logistic growth fit for the seaweed farm building scale up.

k(day) = production /(1 + exp(— k (day — midpoint))) + offset
where:

production = maximum value of production

k = thelogistic growthrate

day = the current day

midpoint = the sigmoid's midpoint

offset = offsetto0
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Figure S16 Logistic growth model of the amount of seaweed farms that can be built each
day



References

1.

2.

9.

F. U. Jehn, F. J. Dingal, allfed/Seaweed-Scaleup-Model: Release for Submission (2023)
https:/doi.org/10.5281/ZENODO.7575045 (January 27, 2023).

S. C. James, V. Boriah, Modeling Algae Growth in an Open-Channel Raceway. Journal of
Computational Biology 17, 895-906 (2010).

B. E. Lapointe, M. D. Hansiak, Productivity and nutrition of marine biomass systems in
Florida. Energy from Biomass and Waste 9 (1985).

M. D. Hansiak, “Cultivation of Gracilaria and other macroalgae in Florida for energy
production” in Seaweed Cultivation for Renewable Resources, Developments in
aquaculture and fisheries science., K. T. Bird, P. H. Benson, Eds. (Elsevier, 1987).

J. A. DeBoer, H. J. Guigli, T. L. Israel, C. F. D’Elia, Nutritional Studies of Two Red Algae. |.
Growt Rate as a Function of Nitrogen Source and Concentration1. Journal of Phycology
14, 261-266 (1978).

C. F. D’Elia, J. A. DeBoer, Nutritional Studies of Two Red Algae. li. Kinetics of Ammonium
and Nitrate Uptake1, 2. Journal of Phycology 14, 266—-272 (1978).

C. Mulder, A. J. Hendriks, Half-saturation constants in functional responses. Global
Ecology and Conservation 2, 161-169 (2014).

R. r. van der Ploeg, W. Béhm, M. b. Kirkham, On the Origin of the Theory of Mineral
Nutrition of Plants and the Law of the Minimum. Soil Science Society of America Journal
63, 1055-1062 (1999).

B. E. Lapointe, J. H. Ryther, Some aspects of the growth and yield of Gracilaria tikvahiae in
culture. Aquaculture 15, 185-193 (1978).

10. R.L. Thorndike, Who belongs in the family? Psychometrika 18, 267-276 (1953).


https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG
https://www.zotero.org/google-docs/?BaHMoG

