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A B S T R A C T   

Pressure on the terrestrial ecosystems is large and big concerns exist regarding whether a growing world pop
ulation can be fed from the land. Little is known about if and how much these concerns could be alleviated by 
harvesting more from the oceans. We modelled the biophysical production potential of seaweeds, and their 
current and possible future contribution to world food supply. We estimate seaweeds currently provide up to 
0.13% of global food energy supply. Seaweed production is increasing more rapidly than terrestrial production. 
At current rates of increase we estimate seaweed energy contribution of 0.25% in 2050. Production potential of 
seaweeds could contribute up to 2 to 14% of global food supply if farming 1% of the modelled suitable space 
within the Exclusive Economic Zone. We show this large potential contribution to world food supply will only be 
achieved with unprecedented increases in seaweed production, while offshore seaweed cultivation is still in its 
infancy. The study shows large uncertainties that warrant further research. Modelling shows vast areas of world 
oceans are unsuitable because of being too far out of shore, having too low nutrient concentrations or having too 
high waves. Only 2–9% of world oceans and 6–25% of the Exclusive Economic Zone (EEZ) was shown to be 
suitable for seaweed production. Identifying suitable sites for offshore seaweed cultivation is therefore impor
tant. Site suitability maps reported for the 3 model species can be useful for private companies and policy makers 
expanding seaweed in new high potential production areas around the world.   

1. Introduction 

Pressure on the terrestrial ecosystems is large and big concerns exist 
regarding whether a growing world population can be fed from the land 
(Fischer et al., 2014; Garnett et al., 2013; Godfray et al., 2010; Spillias 
et al., 2023; van Ittersum et al., 2016). In this context the question has 
been raised whether oceans will help feed humanity (Buschmann et al., 
2017; Duarte et al., 2022, 2009; Godfray et al., 2010; Spillias et al., 
2023). Furthermore, concerns about excessive fisheries impact on ma
rine ecosystems are widely acknowledged, while any form of animal 
production, whether from land or sea is subject to energy loss in con
version from plant to animal biomass (Fresán and Sabaté, 2019; Van 
Zanten et al., 2018). Production of seaweed has been put forward as a 
possible solution to both pressure on the land and as a more energy 
efficient alternative to fisheries (Duarte et al., 2009). Oceans cover 
about 70% of the earth surface and the potential seems largely un
tapped. While the logic is evident, to date we know very little about 
seaweed production potential of the world oceans. 

Seaweed cultivation can contribute to a range of sustainable 

development goals, the focus here is on sustainable development goal 
(SDG) 2, Zero Hunger. The main questions addressed are (1) how much 
seaweed can potentially be produced within economic and ecological 
boundaries and (2) if achieved, how much could seaweeds contribute to 
global food supply. Intensive large scale seaweed cultivation can 
potentially cause harmful marine ecosystem effects, because seaweed 
competes with phytoplankton for carbon, light and nutrients. Mass 
cultivation of seaweed could theoretically lead to excessive competition 
with phytoplankton, and the whole marine ecosystem that feeds 
(directly or indirectly) on phytoplankton (Aldridge et al., 2021; Camp
bell et al., 2019; van der Meer et al., 2022). In this context a case is to be 
made for confining seaweed cultivation to sites and parts of the year 
when ample nutrients are available and competition therefore less. A 
precautionary approach could be to use only 1% of a designated high 
nutrient part of the ocean for seaweed cultivation – the choice of this 
number 1% is rather arbitrary but is so low we would hardly expect 
negative ecosystems effects. This assumption requires further testing. 
From the seaweed production perspective, the assumption of cultivating 
5% rather than 1% would lead to a 5 fold increase in production. In the 
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discussion section we reflect on how model outcomes are sensitive to 
such assumptions and we identify key uncertainties. 

Seaweeds are sometimes thought of as poorly digestible for human 
beings. A recent study shows humans, with aid of human gut bacteria, 
can digest seaweed polysaccharides (Pudlo et al., 2022). Seaweeds can 
be used as a food source (Bruhn et al., 2019; Forster and Radulovich, 
2015; Mahadevan, 2015; Rajauria et al., 2015). According to van den 
Burg et al. (2021) between 75 and 85% of worldwide seaweed pro
duction is used for direct human consumption in Asia. This being said, 
seaweeds currently represent only a tiny part of the human diet. A large 
consumer market does not exist at the time of writing (FAO, 2018, 2021; 
van den Burg et al., 2021), but such a market may well grow in the above 
context of challenges of feeding future world population and growing 
challenges in terrestrial production. Before investing heavily in devel
oping supply chains, processing industry and marketing it is relevant to 
know whether the oceans can actually deliver. From the bio-physical 
perspective, how much scope is there for increasing seaweed produc
tion? In this context we present an exploratory study of how much food 
energy seaweeds might theoretically provide. 

The objective of this paper is to present estimates of global seaweed 
production potential from the biophysical perspective. After quantifying 
this production potential, we address how likely it is for this potential to 
be realised by 2050 and if so, how much could it contribute to world 
food supply? 

2. Materials and methods 

We first present the scope of the model (§2.1), followed by a model 
overview (§2.2). Source data are described in Section 2.4, parameters 
and methods and equations in Sections 2.3 and 2.5. Scenarios for 
sensitivity analysis and for contribution of seaweed to future food supply 
(in 2050) are defined in Section 2.6. 

2.1. Scope: offshore within the Exclusive Economic Zone (EEZ) 

Distance to shore is important from the economic perspective. Pro
duction costs for harvesting and planting increase with distance from 
shore and cultivation too far out of shore may not be economically 
viable (Kapetsky et al., 2013; Lehahn et al., 2016). In the short term 
expansion of seaweed in the nearshore environment seems more likely 
(Spillias et al., 2023). But human pressures on the nearshore environ
ment are increasing and from this perspective, it is relevant also to 
explore production potential further offshore (Gentry et al., 2017). 
Marine governance is much less developed than terrestrial governance 
(Lovatelli et al., 2013; Zaucha and Gee, 2018). One commonly used legal 
concept is the so-called “Exclusive Economic Zone” (EEZ), a zone of 200 
nautical miles (~370 km) in which sovereign states have special rights 
regarding the exploration and use of marine resources. Imagine a fish 
trailer or bulk carrier ship cruising through (and in the process 
destroying) a seaweed farm. Inside the EEZ one may have some form of 
marine spatial planning of shipping traffic lanes and some form of legal 
protection of a seaweed farm. Outside the EEZ spatial planning and legal 
protection is much less. We limit our analysis of global seaweed pro
duction potential to this EEZ because (1) one may expect exceedingly 
higher production costs further out into the oceans and (2) operating 
under the umbrella of the nations associated with a particular EEZ can 
offer some legal protection. 

Agronomy is important. Any seaweed farmer would want to cultivate 
only in suitable sites and (in case of seasonality) during months suitable 
for cultivation. For a new and expanding industry, scientific identifica
tion of suitable sites and months can be relevant. In the high latitudes 
(towards the North and South poles) strong seasonality in environmental 
variables, in combination with temperature niches of seaweed species, 
may render parts of the year unsuitable for cultivation, hence intra- 
annual variability in site suitability is for these higher latitudes a fac
tor to be considered – something which has been done in regional 

modelling studies (Broch et al., 2019; van der Molen et al., 2018) but to 
date not in global studies (Froehlich et al., 2019; Spillias et al., 2023). 
The scenario of fertilising seaweed farms in open ocean seems very 
unlikely, hence marine nutrient concentrations are important. Some 
studies modelled effects of nutrient concentrations on growth (Broch 
et al., 2019; van der Molen et al., 2018). Others used relative terms such 
as favourable N:P ratios (Froehlich et al., 2019), which raises the 
question whether equally high production levels can be attained for a 
site with favourable N:P ratios, yet with very low concentrations – our 
premise is production potential would be low in such an environment. 
Spillias et al. (2023) modelled probability of species occurrence partially 
dependent on marine nitrate concentrations, but production estimates 
were made independently of nutrient concentrations, thus not lower at 
lower concentrations. Here we present an approach where production 
levels are lower at lower nutrient concentrations and an approach where 
seasonality in environmental variables is explicitly modelled. 

2.2. Model overview 

The new model developed here is named World Offshore Macro 
Algae Production Potential (WOMAPP). WOMAPP follows a four-step 
approach to calculating seaweed production potential. First site suit
ability is calculated. We define site suitability as a number between 0 =
unsuitable to 1 = perfectly suitable. Site suitability is calculated per 
pixel x per month m, first separately for six environmental variables. 
Overall monthly Seaweed Site Suitability SSSs,m,x for model species s in 
month m in pixel x is the minimum of the individual suitabilities per 
environmental variable (Eq. (1)): 
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(
f
(
Tm,x,s

)
,f
(
Im,x,s

)
,f
(
Nm,x,s

)
,f
(
Pm,x,s

)
,f
(
Sm,x,s

)
,f
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(1) 

where, Tm,x is the temperature T in month m in pixel x derived from 
12 global (monthly) temperature maps. f(Tm,x, s) is the site suitability for 
species s in terms of its sensitivity to temperatures. Likewise, species 
specific functions f(Xm,x, s) are defined for all environmental variables X: 
Temperature (T), Irradiance (I), Nitrogen (N), Phosphorous (P), salinity 
(S) and Significant Wave Height (SWH). SSSs,m,x values were calculated 
for the entire world oceans, they can be visualised for the world oceans 
or showing only pixels within the EEZ. 

The actual absolute rate of growth AARG (ton dry ha− 1 month− 1) is 
calculated as the product of the potential growth rate (PGR) and site 
suitability. Thus, actual growth will be less in unfavourable conditions 
(low SSS). The derivation of the PGR parameter is presented in Section 
2.3.2. 

AARGs,m,x = SSSs,m,x ∗ PGR (2) 

In step 2 WOMAPP calculates yield potential (tonnes dry ha− 1 

year− 1). Binary variable Cs,m,x indicates whether (1) or not (0) seaweed s 
is cultivated in a particular site and month. We set Cs,m,x to 1 based on 
two agronomic criteria: (1) minimum overall monthly Seaweed Site 
Suitability SSSs,m,x > 0.5 and (2) Cs,m,x is only set to 1 if the pixel has 4 or 
more suitable months (i.e. 4 or more months with SSSs,m,x > 0.5). The 
binary EEZx is 1 for pixels inside the EEZ and otherwise zero. Thus per 
pixel x, annual yield Ys,x (tonnes dry ha− 1 year− 1) can be calculated as: 

Ys,x =

∫m=12

m=1

EEZx × Cs,m,x × AARGs,m,x (3) 

In step 3, production (tonnes dry species− 1 pixel− 1 year− 1) is 
calculated by summing over the cultivated area. The spatial resolution of 
our environmental data is 1◦ x 1◦. A 1◦ pixel is around 12,000 km2 at the 
equator, around 6000 km2 along the Norwegian coast and near zero 
towards the North & South pole. Such a pixel will never be completely 
cultivated. Let fC be the fraction cultivated and Ax be the area in km2 of a 
pixel x at a given latitude. For each pixel potential production for 
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seaweed s, Ps,x (tonnes dry species− 1 pixel− 1 year− 1), can be calculated 
as: 

Ps,x = Ys,x × Ax × fC × 100 (4)  

where, the 100 is for unit conversion from hectare to km2. Production 
can be expressed in fresh matter, in dry matter, in nutritional energy 
(Joules) or other nutritional metrics. Comparing production of food 
products with very different energy or dry matter content would be 
comparing apples with oranges. For example 1 kg fresh seaweed may 
contain only 150 g of dry matter whereas 1 kg of rice grains will contain 
860 g of dry matter. Comparing fresh weights would lead to over
estimation of the importance of seaweed. Here for more standardised 
comparisons of seaweed production with global food production we will 
compare the two in terms of energy for food consumption. 

At a 1◦ spatial resolution a world map has 180×360 = 64,800 pixels, 
of which around 70% is oceans. Global biophysical production potential 
Ps in tonnes per species s per year is calculated as the sum over all pixels: 

Ps =

∫64800

x=1

Ps,x (5) 

Finally in step 4, global production per species Ps is converted from 
kilograms to energy content, this final step is a simple unit conversion 
and is explained in Section 2.6.2. An example calculation of the first 
three steps of the WOMAPP model is presented in Fig. 1. 

2.3. Photosynthesis and potential growth rate 

2.3.1. Photosynthesis models 
Two approaches to modelling growth in seaweeds are (1) the more 

mechanistic approach of dynamically modelling the processes of light 
interception, photosynthesis, respiration, reserve mobilization and 
conversion of assimilates into structural and reserve biomass (Borlon
gan et al., 2017a, 2017b, 2017c; Borlongan et al., 2017d; Broch and 
Slagstad, 2012; Duarte and Ferreira, 1997; Lavaud et al., 2020; Lehahn 
et al., 2016; Venolia et al., 2020; Wang et al., 2019). Advances are being 
made in seaweed modelling leading to seaweed growth models devel
oped and tested for individual species and tested in a limited number of 

sites. At the time of writing these more mechanistic models are hard to 
generalise to the global level. These models require more input data 
which are not available at a global level. We lack many of the necessary 
input data that would be needed for running these models and we lack 
validation data on a larger scale that would allow for testing how well 
these models can be applied outside the domain for which they were 
tested and developed. Therefore we opt for a simpler approach, the PGR 
approach to modelling growth. 

2.3.2. Potential growth rate 
We developed the simpler approach outlined in Eq. (2), with a fixed 

potential growth rate parameter PGR, which we estimate at 4.42 ton dry 
ha− 1 month− 1, see the derivation in the supplementary material S1. This 
PGR approach is a compromise in balancing model complexity and data 
availability. In line with limited data availability the PGR approach is 
less complex than the mechanistic dynamic models referred to above. 
Yet the PGR approach is more complex than previous global modelling 
studies in which estimated production potential was not directly 
dependent on environmental conditions . 

Growth of seaweeds during its cultivation period is often sigmoid 
(Broch and Slagstad, 2012; van Oort et al., 2022) or expo-linear (Lavaud 
et al., 2020; Venolia et al., 2020) if the seaweed is harvested before 
growth flattening off. Through site suitabilities SSSs,m,x our model often 
produces similar sigmoid patterns. Planting is often at a time when 
environmental conditions are only just good enough (e.g. kelp species 
planted in autumn), in which case SSSs,m,x is only just above 0.5 and the 
actual absolute rate of growth AARGs,m,x is still relatively low. Growth 
then proceeds into the more favourable part of the season with higher 
SSSs,m,x and AARGs,m,x. And finally growth flattens of as environmental 
conditions become less good towards the end of the growing season. 
Another process that may cause growth flattening off is sporulation, in 
which seaweed mobilise their reserves to produce spores for reproduc
tion. This process is not modelled here because generally seaweed 
farmers will seek to harvest before this process occurs and they will 
select strains that will not sporulate within the designated cultivation 
period. 

Fig. 1. Example calculation.  
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2.4. Ocean data 

The two most widely used datasets for global mariculture studies are 
(1) the World Ocean Atlas (WOA, 2018), see Froehlich et al. (2019) and 
Lehahn et al. (2016) and (2) the Bio-Oracle dataset (Assis et al., 2018) 
used by Spillias et al. (2023). Figs. S 1–S 4 in the supplementary material 
S2 present comparisons of the two datasets. A choice between these two 
datasets is a choice between high spatial resolution and high temporal 
resolution: WOA2018 provides environmental data at a finer (monthly) 
temporal resolution yet with a with a course spatial resolution (1◦, 
around 110 × 110 km at the equator); Bio-Oracle has a coarser temporal 
resolution (annual average, min max and range) and a finer spatial 
resolution (0.08◦, 9 km at the equator). The high temporal resolution of 
WOA2018 is relevant when considering strong seasonality in environ
mental variables for the higher latitudes (closer to the North and South 
pole. The high spatial resolution of Bio-Oracle is important considering 
steep gradients that can be found in nutrient concentrations, declining 
exponentially as one moves from estuaries towards open sea shore (Flo 
et al., 2011; van Oort et al., 2022). A 110 km spatial average nutrient 
concentration (WOA2018) will always be lower than the nutrient con
centration in the 0–5 km just near the shore and even in Bio-Oracle, a 9 
km average may not be representative of nutrient concentrations at say 
100 m from shore. Further out of shore spatial variability in nutrient 
concentrations is much smaller and the WOA therefore provides a fair 
representation of the offshore marine environment. Hence the WOA can 
be used for offshore modelling, but it may be underestimating nutrient 
concentrations and seaweed potential just near the shore. Moreover, 
WOA2018 also provides incomplete coverage of the near-shore, with no 
data available for parts of the near shore (see supplementary material 
S2). 

For each environmental variable we used 12 maps, one per month to 
assess monthly site suitability. From the World Ocean Atlas (WOA, 
2018) we extracted temperature (◦C), nitrate (µmol N per liter), phos
phate (µmol P per liter) and salinity maps (psu). WOA2018 has tem
perature at 0.25◦ resolution and the other variables at 1◦ resolution. We 
used the 1◦ spatial resolution and monthly temporal resolution data. For 
nitrate and phosphate WOA2018 only contains long term averages. For 
temperature and salinity we used monthly average calculated over the 
most recent period available in WOA2018, that is 2005–2017. For all 
biophysical variables we used surface concentrations, consistent with 
the fact that future offshore commercial seaweed cultivation will most 
likely be from manmade floating structures (Whiting et al., 2020). 
Surface irradiance data (MJ m− 2 d− 1) were derived from the 
NASA-POWER Global Climatology (NASA, 2020) and aggregated to the 
same 1◦ monthly resolution as the WOA2018. Monthly Significant Wave 
Height (SWH) data (m.) were obtained from the ERA5 dataset (Hers
bach et al., 2019). The ERA5 dataset contains monthly data from 1959 
onwards at 0.5◦ spatial resolution. For consistency with WOA data we 
calculated monthly averages over the period 2005–2017 and we 
spatially aggregated to the same 1◦ monthly resolution as the WOA2018. 
Delineation of the Exclusive Economic Zone (EEZ) was obtained from 
www.marineregions.org (Flanders_Marine_Institute, 2020). 

2.5. Seaweed site suitability functions 

2.5.1. Seaweeds 
Typical cold temperature species are Saccharina latissima (kelp) and 

Saccharina japonica (formerly classified as Laminaria japonica). Inter
mediate temperature species are Undaria pinnatifida (Japanese wakame) 
and species of the genus Porphyra (Japanese nori) and Ulva lactuca (sea 
lettuce). Commercially important seaweeds in the tropics are of the 
genera Euchema, Kappaphycus and Gracilaria. More species and their 
application are discussed in FAO (2018). 

We derived from the literature environmental response functions for 
these species for 6 environmental variables. For the intermediate tem
perature species, particularly little was found on species of the genera 

Undaria and Porphyra hence most of the literature on the intermediate 
temperature species was from measurements made on species of the 
genera Ulva, mainly Ulva lactuca. Still relatively little is known on sea
weeds and often the literature is scattered. Studies on different species 
and from different regions in the world were combined to obtain for 
each seaweed species group with different temperature niches (’Cold’, 
‘Intermediate’, ‘Warm’) a set of seaweed group specific environmental 
suitability functions. 

2.5.2. Irradiance 
A range of studies model gross photosynthesis, respiration and net 

photosynthesis as a function of irradiance, temperature and light 
interception by frond area (Borlongan et al., 2017a, 2017b, 2017c; 
Borlongan et al., 2017d; Broch and Slagstad, 2012; Duarte and Ferreira, 
1997; Lavaud et al., 2020; Venolia et al., 2020). Although these studies 
all use different equations for modelling light saturation, all equations 
result in similarly shaped saturation functions and all show saturation at 
around 7.6 MJ m− 2 d− 1. Hence we modelled Irradiance Suitability with 
just this one function. The function shown in Fig. 2 was derived from 
equations and parameters for gross photosynthesis as reported in Broch 
and Slagstad (2012), modelled at a temperature of 20 ◦C. A suitability 
value in the range of 0 to 1 was obtained by dividing gross photosyn
thesis (g C m− 2 d− 1) by maximum gross photosynthesis (at the saturation 
point of 7.6 MJ m− 2 d− 1). Absolute gross photosynthesis (in g C m− 2 d− 1) 
is higher at optimum temperatures (Fig. 3), but across studies the 
saturation point is 7.6 MJ m− 2 d− 1 regardless of temperature. In the 
Supporting Material S3, Fig. S 5 shows monthly global surface irradiance 
levels, Fig. S 6 shows resulting monthly Irradiance Suitability. 

2.5.3. Temperature 
Fig. 3 shows blue lines for ‘cold’ species with a temperature optimum 

at around 10 ◦C, green for intermediate temperatures (optimum around 
20 ◦C) and red lines for ‘warm’ species (optimum around 30 ◦C). The 
multiple lines shown reflect differences between studies, the dotted lines 
were used for modelling site suitability in our model. Temperature 
response functions have also been reported for Pyropia and Undaria 
(Watanabe et al., 2014a, 2014b, 2016) but the plotted temperature 
range is so wide we considered those too uncertain to be used for 
modelling. For modelling global seaweed potential we used the func
tions with the solid dots in Fig. 3: for the cold seaweeds: (Broch and 
Slagstad, 2012) equation for blade area growth; for the intermediate 
temperature species: (Lavaud et al., 2020) and for the warm seaweeds 
(Borlongan et al., 2017a). Parameters and equations for the functions 
shown are available in the model code (van Oort, 2023). 

2.5.4. Nutrients 
The most widely used approach to modelling nutrient uptake is using 

the Michaelis–Menten equation (Eq. (6)) where uptake V (µmol N or P 
per m2 or gram seaweed per day) increases with marine nutrient con
centration X (µmol N or P per liter) up to a maximum daily uptake Vmax. 

Fig. 2. Irradiance suitability function (For interpretation of the references to 
color in this figure, the reader is referred to the web version of this article.). 
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Not multiplying with Vmax yields a response function scaled to 0 to 1 
(Eq. (7)): 

V(X) = Vmax ∗ X / (X + k) (6)  

f (X) = X / (X + k) (7) 

where, k is the half saturation constant, which we will refer to as kN 
and kP, for nitrate and phosphate respectively. We know by now that 
three important additional factors have big impact on k values found:  

1 Lower k values for starved seaweeds, i.e. with low internal nutrient 
reserves (Fujita, 1985; Lubsch and Timmermans, 2018, 2020; Smit, 
2002).  

2 Lower k values at higher temperatures (Espinoza and Chapman, 
1983; Smit, 2002).  

3 Higher k values when water motion is very slow (Gonen et al., 1995; 
Hurd, 2000). 

Experimental conditions varying along the three variables above 
may well cause large variation in k values found, this is often difficult to 
tell as water motion and seaweed reserves are often not reported in 
experimental studies. Ideally a model would consider all these processes 
simultaneously, but to date large experiments with factorial design of a 
range of nutrient concentrations, water flow velocities and temperatures 
have not been conducted. In the few studies cited above the number of 
treatments was limited (e.g. a larger range of nutrient concentrations at 
only two temperatures) which makes interpolation and extrapolations 
quite uncertain. In controlled conditions one may first cultivate seaweed 
in high and low nutrient conditions to obtain specimen with high and 
low reserves, but measurement of which part of total seaweed biomass is 
reserves and which part structural biomass remains a challenge. Just a 
few mechanistic dynamic simulation models can simulate nutrient up
take dynamics and seaweed nutrient reserves simultaneously (Broch and 
Slagstad, 2012; Lavaud et al., 2020; Venolia et al., 2020), but at a global 
level and for other species, we are still far from having such knowledge 
on interaction effects between reserves and nutrient uptake. Therefore, 
despite these caveats, the best we can do for now is use these Michae
lis–Menten functions. 

Figs. 4 and 5 show results that seem in contradiction with previous 
experimental findings of lower k values at higher temperatures (Espi
noza and Chapman, 1983; Smit, 2002). Instead, Figs. 4 and 5 show 
lowest k values for the cold temperature species and highest k values for 
the warmer temperature species, except in the study by Wang et al. 
(2019). Fig. 4 shows for the (red) warm species curves drawn with kN 
values of 10 μM N L− 1 or higher. While in the tropical offshore envi
ronment, surface water N concentrations are mostly in the range of 0–3 
μM N L− 1. Thus using any of these functions with kN ≥ 10 would result in 
showing offshore cultivation in the tropics is impossible. Fig. 4 shows for 
the (green) intermediate temperature species curves drawn with kN 

values ranging from 1.46 to 40.7 μM N L− 1. Also here, if the higher kN 
values were true, offshore cultivation of intermediate temperature spe
cies would be impossible. To quantify the uncertainty in global seaweed 
production potential we therefore simulated two scenarios:  

1 Optimistic scenario with low kN = 1.46 μM N L− 1 and kP = 0.06 μM P 
L− 1 for the intermediate (green) and warm (red) seaweed species 
based on Wang et al. (2019).  

2 Pessimistic scenario with for the intermediate (green) species kN = 5 
μM N L− 1 (Pedersen and Borum, 1997) and kP = 1.97 μM P L− 1 

(Douglas et al., 2014) and for the warm seaweed species kN =19.6 
μM N L− 1 and kP =5.0 μM P L− 1 (Carneiro et al., 2011). 

In both scenarios we used for the cold seaweeds species kN = 4.0 μM 
N L− 1 (Broch and Slagstad, 2012) and kP = 0.135 μM P L− 1 (Ozaki et al., 
2001). The Ozaki kP value was calculated as the average of two kP values 
(0.09 and 0.18) reported by Ozaki for species Laminaria japonica. 

2.5.5. Salinity 
For salinity, a saturating response function f(S) is reported for Sac

charina latissima by Broch et al. (2019), with reduced growth at low 
salinity S (Fig. 6). Including such a function is important when model
ling kelp in Norwegian fjords with high sweet water influx and when 
modelling site suitability of poorly disclosed seas fed with large sweet 
water volumes from rivers, such as the Baltic sea. For Ulva lactuca 
(Lehahn et al., 2016) report a bell shaped function with an optimal 
salinity level of around 18. With world ocean salinity of 33–37 psu using 

Fig. 3. Temperature response functions. Colours refer to seaweeds with different temperature niches: cold (blue), intermediate (green) and warm (red). Lines marked 
with solid dots were used for global modelling (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.). 

Fig. 4. Michaelis–Menten functions for nitrogen. Colours refer to seaweeds 
with different temperature niches: cold (blue), intermediate (green) and warm 
(red). Lines marked with solid dots were used for global modelling in the 
pessimistic scenario (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.). 
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this function would render almost all of the world oceans unsuitable. 
Therefore we did not use the (Lehahn et al., 2016) salinity function in 
the current study. Hayashi et al. (2011) cultivated the tropical seaweed 
Kappaphycus alvarezii in vitro at a wide range of salinity levels (psu 25, 
35, 45 and 55), which showed the highest daily growth DGR rate at 35 
psu and lower at the other salinities. A parabola was fitted through the 
Hayashi data (DGR vs salinity) with negative values set to 0 to obtain an 
f(S) function scaled from 0 to 1. 

2.5.6. Significant wave height 
Evidently a rough sea can be detrimental to seaweed cultivation. 

Man-made structures on which seaweed is growing can be physically 
damaged in a rough sea. Parts or the whole body of the seaweed may 
break off due to wave action or strong current. Methodologically 
quantification of roughness of the sea is challenging, both in terms of 
practicalities of measurement and because wave height constantly 
changes. A commonly used metric is the Significant Wave Height (SWH). 
Technically, we used the variable “Significant height of combined wind 
waves and swell” provided by ERA5 (Hersbach et al., 2019) and briefly 
defined as “the average height of the highest third of surface ocean/sea 
waves generated by wind and swell”. In the Supporting Material S3, 
Fig. S 7 shows maps of monthly wave heights, Fig. S 8 shows maps of 
resulting monthly wave heights suitability calculated with Fig. 7. 

A few studies have attempted to establish effects of rough sea on 
seaweeds and floating structures for cultivation (Azevedo et al., 2019; 
Bak et al., 2018; Buck and Buchholz, 2004, 2005) but none of these 
provides readily useable response functions that use as input wave maps 
such as available from ERA5 or other sources. Here we made our own 
estimate, using the function shown in Fig. 7, in which SWH below 2 m is 
considered a calm complete suitable ocean/sea and SWH above 4 m is 
considered too wild for seaweed cultivation. Bak et al. (2018) report 
offshore cultivation was possible in an exposed area with occasional 
significant wave heights of 3–6 m, this study suggests possibly Fig. 5 is 
too pessimistic. To account for this uncertainty we also simulated a 
scenario with the SWH function switched off. 

2.6. Scenarios 

2.6.1. Seaweed production scenarios 
We present calculations of biophysical production potential of 

seaweed. Scenarios are used for sensitivity analysis (on nutrient 
requirement and wave height) and for exploration of possible future 
trends in seaweed production. Common assumptions in all scenarios are 
that:  

1 Cultivation is only in the EEZ (parameter EEZx in Eq. (3)).  

2 Cultivation is only in suitable sites and months, i.e. with minimum 
site suitability of 0.5 during at least 4 months (parameter Cs,m,x in Eq. 
(3)). Note this implicitly leads to selection of pixels with high 
nutrient concentrations, thus where competition with phytoplankton 
will be limited. With this criterion a pixel with 8 suitable months will 
be cultivated for 8 months, a pixel with 4 suitable months will be 
cultivated 4 months and a pixel with 3 suitable months will not be 
cultivated;  

3 Of each suitable pixel x, only 1% (parameter fC in Eq. (4)) will be 
cultivated. 

2.6.1.1. Distribution of 1% within a pixel. We are not making assump
tions on distribution of the 1% seaweed within large ~10,000 km2 

pixels. Most likely seaweed cultivation will be concentrated in parts of 
pixels closest to the shore, where nutrient concentrations are often 
higher and transportation costs from land to seaweed farm are lower. If 
the 1% seaweed is concentrated within a cultivation zone of 100 km long 
and 2 km wide along the shore, then within this narrow strip seaweed 
density would be 100 / 200 = 50% and the 1% would be a weighted 
average of (200×50% + 9800×0%) / 10,000 = 1%. Seaweed densities 
up to 50% have been reported in the literature (Jin et al., 2023). In the 
absence of strict regulations, it seems more likely seaweed farming 
would develop in such highly suitable areas with a pixel, and possibly 
more than only 1% of the pixel. This all the more calls for further 
research into ecosystem effects of offshore seaweed cultivation. 

2.6.1.2. Environmental and economic concerns. The above set of as
sumptions accommodates economic concerns about production costs 
increasing with distance from shore and it partially accommodates 
ecological concerns over competition between seaweed and phyto
plankton (and the entire marine food web that feeds on phytoplankton, 
van der Meer et al. 2022). Further research is needed on ecosystems 
effects and on regulations enforcing maximum percentage area use 
within designated production areas. 

2.6.1.3. Uncertainties. One of the main uncertainties identified above is 
regarding nutrient requirements of the intermediate and warm tem
perature seaweeds. We model this uncertainty by considering an opti
mistic scenario and a pessimistic scenario as defined above. A second 
uncertainty is in the sensitivity to high waves. For the ‘cold’ seaweeds 
the optimistic scenario is with the wave suitability function (Fig. 7) 
switched off and the pessimistic scenario is with sensitivity to high 
waves. Additional sensitivity analyses are presented in the Supporting 
Material S4. 

2.6.1.4. Transition pathway. The pathway towards achieving potential 

Fig. 5. Michaelis–Menten functions for phosphorous. Colours refer to seaweeds 
with different temperature niches: cold (blue), intermediate (green) and warm 
(red). Lines marked with solid dots were used for global modelling in the 
pessimistic scenario (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.). 

Fig. 6. Salinity response function. Colours refer to seaweeds with different 
temperature niches: cold (blue), intermediate (green) and warm (red). Lines 
marked with solid dots were used for global modelling (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.). 
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production (in tonnes annually) matters. It is nice to imagine a future 
world with large scale sustainable seaweed cultivation, but are we 
currently on track towards this ideal world? To assess this we extrapo
lated the current trend in seaweed production and we modelled what 
acceleration in production would be needed to achieve modelled po
tential production levels (optimistic and pessimistic) by the year 2050. 

2.6.2. Contribution to world food supply 
From FAOSTAT food balance sheets (FAO, 2023), global daily food 

supply including losses in households and losses in retail in 2019 was 
2963 kcal capita− 1 day− 1. With world population 7.652×109 in 2019 
and a conversion factor 1 kcal = 4.184 kJ, total world food supply in 
terms of energy is 34.6 × 1012 J year− 1. Projected population in 2050 is 
9.735×109 (United Nations, 2022), estimated food supply in 2050, 
assuming no change in diets, is 34.6 × 1012 * (9.735 / 7.652) = 44.1 ×
1012 Jyear− 1. We are aware that with wealth of Asian countries 
increasing per capita intake may also increase, while at the same time 
concerns about limits to growth might force us into scenarios of lower 
per capita intake. 

To assess the potential contribution of seaweeds to current and future 
food energy supply for food we converted from seaweed weight to en
ergy. According to Olsson et al. (2020), seaweeds contain 273–557 g 
carbohydrates kg− 1 dry seaweed and 59–201 g protein kg− 1 dry 
seaweed). Similarly, Kraan (2013) reports seaweeds dry mass consisting 
for about 60% of carbohydrates. Energy content of carbohydrates and 
proteins in the same, 4 kcal g− 1 dry. We thus estimate 1 kg of dried 
seaweed can provide 1×(0.6×1000)×4×4.184 = 8.4 MJ of energy. For 
reference, Table 1 compares energy content (MJ kg− 1) of seaweed with 
that of rice grains. The conversion factor of 8.4 MJ kg− 1 dry was used to 
assess the current and future energy supply from seaweed compared 
with global food energy supply. 

3. Results 

3.1. Global suitability for the three model species 

For the cold temperature species group, Fig. 8 shows the number 
months with overall monthly suitability’s SSSs,m,x greater than 0.5, 
within the EEZ and with sensitivity to high waves. Supplementary ma
terial S4 shows for the cold temperature species group, site suitability is 
strongly sensitive to whether or not the significant wave height is taken 

into account: the area suitable for the cold temperature species group is 
far larger without than with the taking into account the SWH suitability 
function (Fig. S 19). Table 2 shows the production potential for the cold 
seaweeds within the EEZ is three times as large (370 vs 124 MT dry 
year− 1) in the optimistic scenario (not sensitive to waves) than in the 
pessimistic scenario (sensitive to waves). The main high potential region 
for cold seaweeds identified from Fig. 8 is the region of the coast of 
Southern Argentina. A vast suitable area further offshore in Southern 
Argentina (Fig. S 12, supporting material) is not considered here because 
it is outside the EEZ. The second largest suitable region identified from 
Fig. 8 is a northern belt in the Pacific (Alaska, Japan, Soviet Union). 
Small suitable regions are Greenland, parts of the North Sea (United 
Kingdom, Netherlands and other surrounding countries), Namibia (due 
to upwelling of cold nutrient rich water) and New Zealand. 

Table 2 shows in the pessimistic nutrient uptake parameter scenario, 
world oceans were found completely unsuitable for offshore cultivation 
of intermediate and warm temperature species. This may seem at odds 
with large tropical seaweed production in a number of tropical countries 
(Langford et al., 2021; McHugh, 2003; Valderrama et al., 2013, 2015). 
Our hypothesis is this is due to higher nutrient concentrations in the 
nearshore environment due to nutrient rich influx from estuaries and the 
fact that the course spatial resolution of the data used here (§2.4, sup
plementary material S2) does not represent well the higher nutrient 
concentrations often found just near the shore. We reflect on this un
certainty in the discussion section. 

Fig. 9 shows for the intermediate temperature species for the opti
mistic nutrient uptake parameter scenario the number of suitable 
months. In this optimistic scenario large suitable regions are in nutrient 
upwelling regions along the coasts of South America and the South 
Western coasty of Africa. Suitable regions for intermediate temperature 
seaweeds are found in between the high latitudes (too cold) and low 
latitudes (to warm). 

Suitable sites for the ‘warm’ seaweed species are found closer to the 
equator (Fig. 10), with a large suitable area in the central Pacific and two 
other much smaller suitable regions are in middle America (The Carib
bean and Pacific coast of Nicaragua) and the Arabic peninsula. Sup
porting material also shows a vast suitable region in the central Pacific 
outside the EEZ (Fig. S 14, supporting material), which is here not 
included in seaweed production scenarios because our scenarios are 
limited to seaweed production within the EEZ. 

More background information is presented in the supporting mate
rial. Figs. S9–S11 show monthly suitabilities for the entire oceans, 
showing which parts of the year are suitable for cultivation. 
Figs. S12–S14 are similar to Figs. 8–10, showing number of suitable 
months. The difference is Figs. S12–S14 show suitabilities for the whole 
world before clipping out the EEZ. Only suitable regions within the EEZ 
(Figs. 8–10) were subsequently used for production estimates discussed 
in following sections. 

3.2. Global production potential 

Table 2 shows global biophysical production potential according to 
the optimistic and pessimistic scenario. Suitable area is between 8 and 
34 million km2 (777–3398 Mha), 6–25% of global EEZ area (138 million 
km2) and 2–9% of world ocean area (362 million km2). Thus vast areas 
of world oceans are unsuitable either due to biophysical constraints or 
being too far out of shore (outside the EEZ). In the pessimistic nutrient 
uptake parameter scenario only ‘cold’ seaweeds can be cultivated 
offshore, with annual potential production of 828 MT fresh (124 MT 
dry). In the more optimistic nutrient uptake scenario potential annual 
production levels are be 4878 MT Fresh and 732 MT dry. The large 
difference between the optimistic 732 and pessimistic 124 MT dry (6x 
smaller) shows the strong sensitivity of potential production estimates to 
uncertainties about impact of high waves and uncertainties about 
tropical seaweed nutrient requirements. 

Fig. 7. Effect of wave height on site suitability for seaweed cultivation. Source: 
authors’ estimate. 

Table 1 
Energy content of seaweed and rice grains.   

Seaweed unprocessed Brown rice uncooked 

kg fresh 1 1 
kg dry 0.15 0.86 
MJ kg− 1 fresh 1.3 14.1 
MJ kg− 1 dry 8.4 16.4  
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3.3. Scenarios of production growth 

Fig. 11 shows current trends in seaweed fresh production. FAO 
(2021) reports global fresh seaweed production increasing linearly from 
20.2 MT fresh in 2010 to 34.7 MT fresh in 2019 (see also Fig. S11 in 
Supplementary material S3). The average annual increase is 1.6 MT 
fresh year− 1 Seaweed production extrapolated to 2023 is 42.4 MT. To 
achieve the optimistic potential of 4878 MT fresh (Table 2) in 2050, 
seaweed production would have to increase by 
(4878–42.4)/(2050–2023) = 179 MT fresh year− 1, an annual rate of 
increase in production that is 179 / 1.6 = 111x higher than experienced 
in the past 2 decades. To achieve the pessimistic potential of 828 MT 
fresh (Table 2) in 2050, seaweed production would have to increase by 
(828–42.4)/(2050–2023) = 29 MT fresh year− 1, an annual rate of in
crease in production that is 29 / 1.6 = 18x higher than experienced in 
the past 2 decades. Even the most pessimistic estimate of global pro
duction potential will only be achieved with unprecedented acceleration 

of the current trend of global annual seaweed production increase. 

3.4. Contribution to world food supply 

Estimated global annual production of 34.7 MT fresh seaweed per 
year in 2019 can provide 43.7 × 1015 J year− 1 of energy, compared with 
total annual world food supply of 34.6 × 1018 J year− 1 in 2019 (Table 3). 
We thus estimate seaweeds currently provide only a fraction of 0.13% of 
food energy supply. The number is even less when considering not all 
seaweed is used as food, part of global seaweed production is used for 
biofuel energy production (Kerrison et al., 2015; Kraan, 2013). Our 
future scenarios show this number could rise to 0.25% if current 
seaweed production trend is continued (bottom thin line in Fig. 11). The 
number increases because the trend of increase in seaweed production is 
stronger than the trend for terrestrial food production (see Duarte et al. 
2009 and see Table S 1 & Fig. S 15 in Supplementary material S3). 
Should the biophysical potential be fully realised (Table 2; upper two 

Fig. 8. Months with overall monthly suitability > 0.5 for the cold temperature seaweeds group inside the EEZ. Scenario with suitability dependent on Significant 
Wage height. 

Table 2 
Scenario calculations for biophysical seaweed production potential.  

Scenario1 Model species temperature niche Suitable (km2) Planted (km2) Production 
(MT Fresh) 

Production (MT Dry) 

optimistic Cold – excl waves 15,387,403 153,874 2465 370  
Intermediate 11,413,047 114,130 1405 211  
Warm 7,180,667 71,807 1009 151  
Total 33,981,117 339,811 4878 732 

pessimistic Cold – incl waves 7,770,050 77,701 828 124  
Intermediate 0 0 0 0  
Warm 0 0 0 0  
Total 7,770,050 77,701 828 124  

1 Optimistic and pessimistic refers to large uncertainty about sensitivity to high waves (Section 2.5.6) in the cold species and large uncertainty in nutrient re
quirements of seaweeds in the mid-latitudes (intermediate temperatures) and in tropics (warm) as discussed in Section 2.5.4 of this paper. 
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lines in Fig. 11), contribution of seaweeds to total world food production 
in 2050 could increase to up to 2 to 14%. 

4. Discussion 

4.1. Main findings 

We estimated, within ecological and economic boundaries, the 
global biophysical production potential of seaweeds cultivated offshore. 
For the scientific community the current study highlights the large 
knowledge gaps that still exist in seaweed research and quantifies the 
implications of these uncertainties for global production potential esti
mates. We reflect on these uncertainties in the following sections. For 
the policy making environment it is useful to have a ballpark estimate of 
the global production potential of seaweeds, even if (as we showed) such 
estimates are highly uncertain. 

Our study is relevant in a context of growing population and growing 
pressure on terrestrial production, in which context it is relevant to 
explore how much human food energy seaweeds could potentially 
contribute to feeding the future world population. Our calculations 
show seaweed production can provide for up to a substantial number of 
2 to 14% of global food energy supply. However at current rate of in
crease in seaweed production, projected energy supply from seaweeds in 
2050 is projected to become only 0.25% of global food energy supply. A 
2 to 14% contribution to global food energy supply will only be achieved 
with unprecedented acceleration of seaweed production. 

Our studies show only 6–25% of the Exclusive Economic Zone (EEZ) 
and only 2–9% of world oceans is suitable for seaweed cultivation. With 
such limited area being suitable (according to our model), it is useful to 
identify suitable areas and suitable months, so development of new 
seaweed farms can target these high potential areas. Maps presented in 
the current study may be useful for this purpose. 

4.2. Offshore & nearshore cultivation 

The current paper complements recent work by Spillias et al. (2023) 
which also provided global production estimates. Surprisingly, both 
studies arrive at a similar contribution of seaweed to global food supply 
(Spillias et al. estimate a contribution of 10% to world food supply), but 
the production is obtained from different environments. Our study ex
plores the offshore environment within the EEZ, up to around 370 km 
out of shore and we presumed for ecological concerns only 1% of each 
suitable site would be cultivated. 

We used an environmental dataset with higher temporal resolution 
yet with poor representation of the near coastal environment (supple
mentary material S2). Spillias et al. (2023) considered the nearshore 
environment with cultivation confined to the narrow coastal zone up to 
200 seafloor depth. In the study by Spillias et al. (2023), for each suit
able pixel 50% of the pixel area was cultivated. 

The two studies used different approaches to simulating production, 
but since these approaches were applied to different cultivated regions, 
one to one comparisons are not possible. What is clear from the com
parison is that the two studies identify different highly suitable regions. 
According to Spillias et al. (2023), much of the highly suitable areas for 
nearshore seaweed cultivation are in Indonesia, which is consistent with 
current practice (FAO, 2021) and which is consistent with a modelling 
approach that does not consider absolute numbers for marine nutrient 
concentrations as a factor influencing yield potential. On the contrary 
our approach which does consider absolute numbers for marine nutrient 
concentrations suggests marine nutrient concentrations in Indonesia in 
the offshore environment are generally too low (Fig. S 3) and points to 
middle America, the central Pacific and the Arabic peninsula as the most 
suitable regions for tropical seaweed cultivation (Fig. 10). These inter
esting differences in identified suitable regions follow from differences 
in methods and differences in environmental input data. These disparate 

Fig. 9. Months with overall monthly suitability > 0.5 for the intermediate temperature seaweeds group. Optimistic nutrient uptake scenario. The black line 200 
nautical miles out of shore is the EEZ. 
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results help highlight implications of model assumptions and indicate a 
need for further research. 

To date seaweed cultivation is often concentrated in sheltered bays 
or sheltered coastlines (Bak et al., 2018; Broch et al., 2019; Langford 
et al., 2021; Setyawidati et al., 2018). Our study targets the offshore 
environment which is generally less crowded with shipping and other 
marine sea uses. Offshore seaweed cultivation is showing first promising 
results but is also still in its infancy (Bak et al., 2018; Kerrison et al., 
2015; Kraan, 2013; Solvang et al., 2021; Whiting et al., 2020). Much is 
still unknown about up to how far out of shore cultivation remains cost 
effective (Buschmann et al., 2017; Kapetsky et al., 2013; Lehahn et al., 
2016). Oceans tend to be rougher further out of shore and much is still 
unknown about the engineering aspect of how to design floating struc
tures for seaweed cultivation that can withstand high waves (Broch 
et al., 2019; Buck and Buchholz, 2004, 2005; Kapetsky et al., 2013; 
Kerrison et al., 2015; Kraan, 2013; Lehahn et al., 2016; Lovatelli et al., 

2013; Solvang et al., 2021; van der Molen et al., 2018; Whiting et al., 
2020). 

4.3. Validation 

Validating a model such as presented here is a challenge. Offshore 
seaweed cultivation is still in its infancy, therefore for vast areas of the 
world oceans, simply no seaweed data are available at all. No global 
maps exist of where and when seaweed is successfully cultivated 
offshore, let alone maps showing where seaweed cultivation was tried 
and failed. One may find an occasional study located within a 1◦ x 1◦

pixel (110 × 110 km at the equator). Even if available, such a site would 

Fig. 11. Projections of future seaweed production: current trend and scenario 
realizing the biophysical production potential. 

Table 3 
Seaweed potential contribution to world food supply expressed in energy.   

2019 2050 

World food supply (TJ year− 1)1 34,626,884 44,050,786 
Seaweeds (TJ year− 1) 
Current trend 43,767 108,139 
Pessimistic2  1,043,115 
Optimistic  6,146,811 
Seaweeds / Total food supply 
Current trend 0.13% 0.25% 
Pessimistic  2% 
Optimistic  14%  

1 1 Tera Joule (TJ) is 1012 J. 
2 Optimistic and pessimistic refers to large uncertainty about sensitivity to 

high waves (Section 2.5.6) in the cold species and large uncertainty in nutrient 
requirements of seaweeds in the mid-latitudes (intermediate temperatures) and 
in tropics (warm) as discussed in Section 2.5.4 of this paper. 

Fig. 10. Months with overall monthly suitability > 0.5 for the warm temperature seaweeds group. Optimistic nutrient uptake scenario. The black line 200 nautical 
miles out of shore is the EEZ. 
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represent only a sample out of a total of approximately 45,360 marine 1◦

x 1◦ pixels1. Thus observations from within 1 or few out of 45 thousand 
observations are hardly useful to validate or invalidate the maps re
ported here. Even within a 1◦ x 1◦ pixel spatial variability can exist in 
environmental conditions, especially as discussed above for pixels close 
to the shore, where the nearshore environment is not representative of 
environmental conditions and site suitability of the larger 1◦ pixel. 
Therefore multiple samplings may be needed per pixel to obtain a pixel 
average yield observation for model validation. 

There are also differences in growth of different strains of the same 
species (e.g. see Jansen et al. 2022). Implicitly the model presented in 
this paper presumes farmers cultivate well performing strains, which 
implies validation should also be with well performing strains. In a 
context where selection and propagation of highly productive seaweed 
strains is still an emerging business (Ask and Azanza, 2002; Buschmann 
et al., 2001) one may need a number of months of experimentation with 
different strains to identify per site the most productive strains, and only 
after that cultivation and sampling for validation could commence. It 
should be clear model validation at a global scale is at the time of writing 
practically impossible. Which is why we refer to the current study as 
exploratory. For future validation, we recommend a stratified sampling 
scheme in which per species, cultivation is monitored in sites and 
months ranging from highly suitable to highly unsuitable (according to 
our model), and with validation sites in different parts of the world and 
for different species. 

4.4. Uncertainties 

Parameter uncertainty related to wave sensitivity of cold seaweeds 
led to a difference in suitable area of 15.4 vs 7.8 million km2 (Table 2), a 
factor 2 difference and production potential ranging from 370 to 124 MT 
dry year− 1, a factor 3 difference. Parameter uncertainty related to 
nutrient requirements of intermediate and warm temperature species 
led to a difference in suitable area of 18.6 vs 0 million km2 (Table 2) and 
production potential in the range of 0 to 211+151=362 MT dry year− 1. 
Uncertainty arises from our choice to confine production to the EEZ 
(about 370 km out of shore). In comparison in an assessment of offshore 
mariculture potential, Kapetsky et al. (2013) considered a much nar
rower zone of 46 km around ports as a cost-effectiveness suitability 
criterion. If 46 rather than 370 km out of shore were used as an criterion, 
potential seaweed production would be much less. A simple estimate is 
(46/370) times 2 to 14% is 0.29% to 1.73%, possibly higher due to 
higher nutrient concentrations and potential yields in the narrow coastal 
zone, possibly lower because the number of ports is limited (there may 
be biophysically suitable areas without a port present within 46 km). A 
similar uncertainty is in our choice to allocate only 1% of each suitable 
pixel for cultivation, accommodating for ecological concerns. Very little 
is known about potential competition between seaweed and the natural 
marine food web (Aldridge et al., 2021; Campbell et al., 2019; van der 
Meer et al., 2022) and therefore our 1% is a rather arbitrary choice. 
Should we raise this number to e.g. 5%, potential contribution of 
seaweed to global food energy production would increase by a factor 5 
from 2–14% to 12–70%. A dietary shift towards such high percentages of 
seaweed consumption does not seem very likely. Rather, all of these 
order of magnitude calculations serve to quantitatively illustrate the 
large uncertainties that exist and that require further research. 

A different category of uncertainty is outside the model domain and 
related to the transition pathway. It is relatively easy to model pro
duction potential, but quantifying the potential does not guarantee it 
will also be achieved. We showed that if current trends continue, esti
mated seaweed to human food energy in 2050 would be only 0.25%, 
much less than the simulated potential of 2–14%. Thus this potential will 

only by achieved with significant acceleration of growth of the seaweed 
sector, while here in the discussion section we showed offshore culti
vation is still in its infancy. A major uncertainty is therefore also the 
question if and how much the offshore seaweed sector can grow in 
coming decades. 

The current study did not consider possible implications of climate 
change. Sea surface temperatures are increasing and this will lead to 
shifts in which areas are suitable for which species. Suitable area for the 
cold temperature species will decrease (Murcia et al., 2020) and may be 
replaced with species of the intermediate temperature group. The situ
ation is most worrying for the warm temperature species group (Du 
et al., 2022; Kim et al., 2021), where, if temperature functions as shown 
in Fig. 3 are correct, sites may become too hot for cultivation. Further 
research on climate change impact on seaweed cultivation potential is 
needed. 

The qualitative conclusion that can be drawn from our research, 
regardless of all the uncertainties discussed above, is that the potential 
contribution of seaweed to feeding the world is substantial. The current 
exploratory study showing worldwide production potential may give 
impetus to continued R&D investments in advancing the offshore 
seaweed sector. 

5. Conclusions 

The current study is one of the first to estimate, within ecological and 
economic boundaries, the global biophysical production potential of 
offshore seaweeds cultivation. Within large uncertainty boundaries it 
shows seaweeds could contribute up to 2 to 14% of global food supply, a 
substantial contribution that will only be achieved with unprecedented 
increases in seaweed production. 

Data & code availability 
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ysis-era5-single-levels-monthly-means?tab=overview.  
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• NASA-POWER agroclimatology: https://power.larc.nasa.gov/. 
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