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Supplementary Table 1 Biological Parameters

Parameter Genus Standard Monte Carlo Values in the literature
Values Bounds

Vmax - NO†
3

(µmol-N (g-DW h)−1)
Maximum uptake rate

Eucheuma/Kappaphycus 9.2 [4.1, 16.3] 5.41, 13.02

Sargassum 16 [1.9, 36.9] 163

Porphyra 52.5 [26.3, 90] 704, 355

Macrocystis 12.9 [2.3, 38.1] 8.46, 16.97, 5.88, 30.59, 310

Saccharina 11.8 [1.9, 30] 11.811

Km - NO3
(µM)

Half-saturation constant
Eucheuma/Kappaphycus 5.6 [0.2, 13.8] 111‡

Sargassum 3.0 [1.1, 5.5] 2.33

Porphyra 5.2 [1.5, 12.7]
Macrocystis 10.1 [3.2, 18.1] 9.46, 10.99

Saccharina 2 [1.1, 4.2] 1.412, 2.613

µmax
§

(day−1)
Maximum growth rate

Eucheuma/Kappaphycus 0.2 [0.1, 0.3] 0.2414, 0.1315, 0.1616

Sargassum 0.2 [0.1, 0.3] 0.2117, 0.1318

Porphyra 0.2 [0.1, 0.3] 0.519, 0.320

Macrocystis 0.2 [0.1, 0.3] 0.221, 0.222

Saccharina 0.2 [0.1, 0.3] 0.223, 0.324, 0.225, 0.326

PARs
(µmol photon m−2 s−1)

Saturating irradiance
Eucheuma/Kappaphycus 125.9 [52.1, 550] 13427, 14028, 11829, 16830, 6931

Sargassum 303.9 [112.5, 643.8] 21718, 39132

Porphyra 104 [34.5, 233.8] 18733, 7934

Macrocystis 212.4 [105.8, 350] 23935, 18636

Saccharina 76.3 [11.3, 212.5] 5037, 7038, 10913

PARc
(µmol photon m−2 s−1)
Compensating irradiance

Eucheuma/Kappaphycus 13.5 [3.8, 32.5] 1627, 2628, 529, 1330, 731

Sargassum 26 [3.8, 46.3] 3018, 2232

Porphyra 24.8 [6.8, 54] 4333, 2234

Macrocystis 20.5 [7.5, 43.1] 1035, 4036

Saccharina 15.5 [5.7, 29.3] 837, 2313

Qmin
(mg-N g-DW−1)

Minimum nitrogen cell quota
Eucheuma/Kappaphycus 5.8 [4.3, 7.2] 5.839

Sargassum 5.8 [4.3, 7.2] 5.839

Porphyra 10.2 [7.6, 12.7] 10.239

Macrocystis 10.2 [7.6, 12.7] 10.239

Saccharina 10.2 [7.6, 12.7] 10.239

Qmax
(mg-N g-DW−1)

Maximum nitrogen cell quota
Eucheuma/Kappaphycus 44 [33, 55] 4439

Sargassum 44 [33, 55] 4439

Porphyra 54 [40.5, 67.5] 5439

Macrocystis 54 [40.5, 67.5] 5439

Saccharina 54 [40.5, 67.5] 5439

CD (unitless)
Drag coefficient

Eucheuma/Kappaphycus 0.5 [0.01, 1]

Sargassum 0.5 [0.01, 1]
Porphyra 0.5 [0.01, 1]

Macrocystis 0.5 [0.01, 1] 0.140

Saccharina 0.5 [0.01, 1] 0.0741
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Supplementary Table 1 – continued from previous page
Parameter Genus Standard Monte Carlo Values in the literature

Values Bounds
B:SA

(g-DW m−2)
Ratio of biomass to surface area

Eucheuma/Kappaphycus 94.8 [71.1, 118.5] 94.8 (L. Roberson; personal comm.)

Sargassum 333 [249.8, 416.3] 33311

Porphyra 10 [7.5, 12.5]
Macrocystis 58 [43.5, 72.5] 256, 319, 588, 7142

Saccharina 58 [43.5, 72.5]
E¶

(day−1)
Exudation

Eucheuma/Kappaphycus 0.01**** [0.001 0.02] 0.00243, 0.0544,0.0945

Sargassum 0.01**** [0.001 0.02] 0.00243, 0.0544,0.0945

Porphyra 0.01**** [0.001 0.02] 0.00243, 0.0544,0.0945

Macrocystis 0.01**** [0.001 0.02] 0.00243, 0.0544,0.0945

Saccharina 0.01**** [0.001 0.02] 0.00243, 0.0544,0.0945

d
(day−1)

Death rate
Eucheuma/Kappaphycus 0.01 [0.003 0.03] 0.00346, 0.0145, 0.00111, 0.0243

Sargassum 0.01 [0.003 0.03] 0.00346, 0.0145, 0.00111, 0.0243

Porphyra 0.01 [0.003 0.03] 0.00346, 0.0145, 0.00111, 0.0243

Macrocystis 0.01 [0.003 0.03] 0.00346, 0.0145, 0.00111, 0.0243

Saccharina 0.01 [0.003 0.03] 0.00346, 0.0145, 0.00111, 0.0243

Π

(unitless)
Wave factor

Eucheuma/Kappaphycus 1 [0.03 1.7]

Sargassum 1 [0.03 1.7]
Porphyra 1 [0.03 1.7]

Macrocystis 1 [0.03 1.7]
Saccharina 1 [0.03 1.7]

†If the literature values include a Michaelis-Menten fit, then we report the average Vmax. In the absence of a Michaelis-Menten fit,
we report the maximum NO3 uptake rate observed in each publication.
‡ We believe this value is too large and have chosen a lower Km for our standard run.
§ The value of the standard run was ultimately based on previous work.47. The values reported here are corrected to correspond to 24-hour
light exposure.
¶ It is difficult to determine if dissolved organic nitrogen (DON) measured in other publications is being exuded due to wound/breakage,
grazing, or other tissue loss processes which we consider in our death rate term. Uncertainty in these rates is compounded by measured
dissolved oranic carbon (DOC) exudation rates that are lower than these values48, 49. It seems incongruous that N-limited organisms would
be excreting more N than C. Hence, our standard run nitrogen exudation rate is lower than the average from the literature. The Monte Carlo
bounds are symmetric around the value of the standard run.
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Supplementary Table 2 Details from Publications on Farmed Tropical Red Seaweed

Reference Coordinates/Area* Seed Density Max. Harvest Mean

& (g-DW m−2) NO3 Period Harvest

Genus (µM) (days) (g-DW m−2)**

Ref. 50 (Kappaphycus) 12.8ºE, 124.1ºN 20 N/A 45 38

Ref. 51 (Kappaphycus) 23ºS, 43.9ºW 150 N/A 47 488

Ref. 52 (Eucheuma)

China:

Hainan

(19.1ºN, 109.6ºE)

N/A N/A 45 154

Ref. 53 (Eucheuma/Kappaphycus)

Tanzania:

Mlingotini

(6.5ºS, 39ºE)

N/A N/A 42 350

Ref. 54 (Eucheuma) 0.1ºS, 120.04ºE 25 N/A 45 724

Ref. 55 (Kappaphycus)

India:

Tamil Nadu

(8.5ºN to 12.5ºN,

78ºE to 80.5ºE)

444 N/A 45 111

Ref. 56 (Kappaphycus)

Philippines:

Tigtabon Island

(6.89ºN, 122.16ºE)

Baligtang

(4.7ºN, 119.4ºE)

Marcilla Coron

(12ºN, 120.3ºE)

Sipangkot Island

(4.9ºN, 119.4ºE)

Layag-Layag

(6.9ºN, 122.1ºE)

Arena Blanco

(6.9ºN, 122.1ºE)

N/A N/A 45 878
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Supplementary Table 2 – continued from previous page

Reference Coordinates/Area* Seed Density Max. Harvest Mean

& (g-DW m−2) NO3 Period Harvest

Genus (µM) (days) (g-DW m−2)**

Ref. 57 (Eucheuma)

Indonesia:

South Sulawesi

Bali

Nusa Tenggara Timur

South Central Sulawesi

(9ºS to 1.5ºN,

113.5ºE to 125.5ºE)

N/A N/A 45 1090

Ref. 58 (Kappaphycus)

India:

Vellar Estuary

(10.1ºN, 79.3ºE)

400 N/A 45 465

Ref. 15 (Eucheuma)

Venezuela:

Bahı́a de Charagato

(10.8ºN, 64.2ºW)

60 N/A 42 254

Ref. 59 (Kappaphycus)

India:

Chepala Timmapuram

(17.8ºN, 83.4ºE)

100 2.2 45 350

Ref. 60 (Kappaphycus) 9.3ºN, 79.1ºE 666 3.5 45 313

Ref. 16 (Eucheuma/Kappaphycus) 4.6ºS, 39.6ºE 100 3.3 42 932
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Supplementary Table 2 – continued from previous page

Reference Coordinates/Area* Seed Density Max. Harvest Mean

& (g-DW m−2) NO3 Period Harvest

Genus (µM) (days) (g-DW m−2)**

Ref. 61 (Kappaphycus)

India:

Okha Mandal

(21.7ºN, 72.3ºE)

Arambhada

(20.9ºN, 71.4ºE)

Miyani Village

(21.7ºN, 72.7ºE)

Diu

(22.5ºN, 69ºE)

Simar Village

(22.4ºN, 69ºE)

Rajapara

(21.8ºN, 69.4ºE)

Jafrabad

(20.7ºN, 71ºE)

Ghogha

(20.8ºN, 71.2ºE)

28 1.3 60 793

Ref. 62 (Kappaphycus) 22.5ºN, 69.1ºE 410 30 45 2208

Ref. 63 (Eucheuma)

Indonesia:

Northwest Kemojan

(5.8ºS, 110.5ºE)

200 6 42 478

Ref. 64 (Eucheuma) 5.8ºS, 110.5ºE 400 N/A 21 132

Ref. 65 (Eucheuma) 5.6ºS, 120ºE N/A N/A 45 93

*Some papers reported a general area, rather than specific coordinates. In that case, representative coordinates are provided

in parenthesis.

**Mean harvested biomass density without including seed density.
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Supplementary Table 3 Details from Publications on Wild Tropical Brown Seaweed*

Reference & Coordinates/Area** Standing Stock

Genus g-DW m−2

Ref. 66 (Sargassum)

Philippines:

Bolinao, Pangasinan

(16.4ºN, 119.9ºE)

175

Ref. 67 (Sargassum)

India:

Valinokkam

(8.5ºN, 78.1ºE)

Hare Island

(8.1ºN, 78.2ºE)

100

Ref. 68 (Sargassum) 18ºN, 120.5ºE 176

Ref. 69 (Sargassum)

Curaçao Michiel

(12.1ºN, 69ºW)

Westpunt

(12.4ºN, 69ºW)

156

Ref. 70 (Sargassum) 11.3ºN, 74.2ºW 154

Ref. 71 (Sargassum)
Funafuti Atoll

(8.5ºS, 178.5ºE)
186

Ref. 72 (Sargassum)

New Caledonia

(23ºS to 18ºS,

162ºE to 168ºE)

357

Ref. 73 (Sargassum)

9.6ºN, 123.2ºE

9.4ºN, 123.3ºE

9.1ºN, 122.9ºE

247

Ref. 74 (Sargassum)
21.9ºS, 114ºE

23.2ºS, 113.8ºE
220

Ref. 75 (Sargassum)

18.7ºS, 146.6ºE

18.7ºS, 146.5ºE

18.2ºS, 146.3ºE

88.6

*No nutrient information was available for this seaweed category.

**Some papers reported a general area, rather than specific coordinates.

In that case, representative coordinates are provided in parenthesis.
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Supplementary Table 4 Details from Publications on Farmed Temperate Red Seaweed

Reference & Coordinates/Area* NO3 Harvest Period Mean

Genus (µM) Biomass/Harvest Yield**

(g-DW m−2)

Ref. 76 (Pyropia) 31.5Nº to 33.7Nº, 120.5ºE to 121.7ºE N/A Nov. to Apr. 55.3 (B)

Ref. 77 (Pyropia)
Korea

(34.2ºN to 38.3ºN, 126ºE to 130ºE)
N/A Nov. to Apr. 30.9 (H)

Ref. 78 (Porphyra) 32.1ºN,121.6ºE 39 Sep. to Apr. 16 (H)

Ref. 52 (Pyropia)

China:

Fujian

(25.9ºN, 119.7ºE)

N/A Nov. to Apr. 35.2 (H)

*Some papers reported a general area, rather than specific coordinates. In that case, representative coordinates are provided

in parenthesis.

**Some papers reported harvested biomass (denoted by an “H”), while others reported measured biomass during the farming

process (denoted by a “B”).
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Supplementary Table 5 Details from Publications on Farmed and Wild Temperate Brown Seaweed

Reference & Farmed/Wild Coordinates/Area* NO3 Harvest Period Mean

Genus (µM) Biomass/Harvest Yield**

Ref. 79 (Laminaria) Wild 58ºN to 71ºN, 5ºE to 30ºE N/A N/A 976 g-DW m−2 (B)

Ref. 80 (Laminaria & Saccharina) Wild

44.5ºN, 63.6ºW

44.5ºN, 63.5ºW

44.6ºN, 64.0ºW

44.5ºN, 63.9ºW

N/A N/A 567.9 g-DW m−2 (B)

Ref. 81 (Laminaria) Wild
West Norway

(62.8ºN, 6ºE)
N/A N/A 1694 g-DW m−2 (B)

Ref. 82 (Laminaria) Wild

United Kingdom

(59.0ºN, 3.3ºW)

(58.9ºN, 3.3ºW)

(56.5ºN, 5.5ºW)

(56.4ºN, 5.6ºW)

(50.3ºN, 4.1ºW)

(50.3ºN, 4.1ºW)

(50.3ºN, 4.0ºW)

(51.8ºN, 5.2ºW)

N/A N/A 1682 g-DW m−2 (B)

Ref. 43 (Macrocystis) Wild

California:

Mohawk Reef

(34.47ºN, 120.1ºW)

Arroyo Seco

(34.4ºN, 119.7ºW)

Arroyo Burro

(34.4ºN, 119.7ºW)

N/A N/A 547 g-DW m−2 (B)

Ref. 83 (Laminaria) Wild 62.8ºN, 6.5ºE N/A N/A 1354 g-DW m−2 (B)

Ref. 84 (Laminaria) Wild 50.4ºN, 4.1ºW N/A N/A 2042 g-DW m−2 (B)

Ref. 85 (Macrocystis) Farmed 26.6ºS, 70.7ºW 3 May to May 639 g-DW m−1 (H)

Ref. 86 (Macrocystis) Farmed

Chile:

Flamenco Bay

(26.6ºS, 70.7ºW)

N/A May to Sep. 1960 g-DW m−1 (H)
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Supplementary Table 5 – continued from previous page

Reference & Farmed/Wild Coordinates/Area* NO3 Harvest Period Mean

Genus (µM) Biomass/Harvest Yield**

Ref. 87 (Saccharina) Farmed

60.2ºN, 5.2ºE

58.1ºN, 7.9ºE

63.7ºN, 8.9ºE

61ºN, 4.7ºE

69.8ºN, 19.0ºE

N/A Feb. to Sep. 216 g-DW m−1 (H)

Ref. 25 (Saccharina) Farmed 43.4ºN, 8.3ºW N/A Nov. to Apr. 2067 g-DW m−1 (H)

Ref. 88 (Saccharina) Farmed
44.3ºN, 68.1ºW

43.8ºN, 69.6ºW
N/A Nov. to May 1811 g-DW m−1 (H)

Ref. 89 (Saccharina) Farmed

56.5ºN, 11.0ºE

56.8ºN, 9.1ºE

55.8ºN, 10.1ºE

8 Sep. to Jun. 95 g-DW m−1 (H)

Ref. 90 (Saccharina) Farmed 34.2ºN, 126.7ºE N/A Dec. to Jul. 2250 g-DW m−1 (H)

Ref. 91 (Saccharina) Farmed 6.3ºN, 6.9ºW N/A Nov. to Aug. 1442.5 g-DW m−1 (H)

Ref. 92 (Saccharina) Farmed 43.5ºN, 3.8ºW 5 Mar. to Jun. 912 g-DW m−1 (H)

Ref. 93 (Saccharina) Farmed 43.4ºN, 8.3ºW 7 Dec. to Apr. 1640 g-DW m−1 (H)

Ref. 94 (Macrocystis) Farmed 42.4ºS, 73.6ºW N/A May to Nov. 2065 g-DW m−1 (H)

Ref. 95 (Macrocystis) Farmed 41.8ºS, 73.1ºW N/A Apr. to Nov. 1440 g-DW m−1 (H)

Ref. 96 (Macrocystis) Farmed

Tasmania:

Okehampton Bay

(42.5ºS, 148.0ºE)

Great Taylor Bay

(43.4ºS, 147.1ºE)

2.8 Apr. to Nov. 1200 g-DW m−1 (H)

Ref. 97 (Saccharina) Farmed 58.1ºN, 11.5ºE N/A Nov. to May 207 g-DW m−1 (H)

*Some papers reported a general area, rather than specific coordinates. In that case, representative coordinates are provided

in parenthesis.

**Some papers reported harvested biomass (denoted by an “H”), while others reported standing stock (denoted by a “B”).
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Supplementary Table 6 Temperature Parameters Used in Equation 10 of the Main Manuscript

Genus Topt (◦C) β1 β2 References
Eucheuma 22.5-27.5 0.09 0.09 98–100
Sargassum 22.5-27.5 0.09 0.09 101, 102
Porphyra 12-17 0.03 0.09 34, 103

Macrocystis 13-18 0.04 0.05 104, 105
Saccharina 10-15 0.03 0.1 24, 26, 38
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by the quantity of nitrogen naturally fluxed 
upwards across the 100-m depth plane.
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PAR


Temperature
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Crowding
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Harvest
Exudation

Supplementary Figure 1 Schematic overview of G-MACMODS. For details, please refer to the Methods section of the
manuscript.
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Supplementary Figure 2 Satellite-derived variables. Temporal mean and standard deviation of the 2017 MODIS sea
surface temperature (SST; top row), surface irradiance (PAR; middle row), and phytoplankton net primary productivity (NPP;
bottom row).

Supplementary Figure 3 Hydrodynamic variables. Temporal mean and standard deviation of the 2017 significant wave
height and mean wave period from ECMWF (top and middle row, respectively), as well as the 2017 surface current speed from
HYCOM (bottom row).

13/27



Supplementary Figure 4 CESM NO3. Temporal mean and standard deviation of the CESM depth-average ambient NO3
concentrations (top row) and upward NO3 flux across the 100-m depth plane (bottom row).
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Supplementary Figure 5 Model-field comparisons (tropical red seaweed). (a) Locations of farmed Eucheuma and
Kappaphycus observations listed in Supplementary Table 2. (b) Boxplot of maximum biomass achieved by G-MACMODS
over the course of a year as compared to the mean harvested biomass from the available literature (details in Supplementary
Table 2). Boxplots represent values across all G-MACMODS grid cells. Only values above a biomass of 200 g-DW m−2 (the
seed density for tropical red seaweed in G-MACMODS) are portrayed. (c) Comparison of the mean harvested biomass in the
available literature to the maximum harvestable biomass in corresponding G-MACMODS locations. For details, please refer to
the Methods section in the manuscript.

15/27



Supplementary Figure 6 Model-field comparisons (tropical brown seaweed). (a) Locations of wild Sargassum
observations listed in Supplementary Table 3. (b) Boxplot of maximum biomass achieved by G-MACMODS over the course of
a year as compared to the mean standing stock from the available literature (details in Supplementary Table 3). Boxplots
represent values across all G-MACMODS grid cells. Only values above a biomass of 50 g-DW m−2 (the seed density for
tropical brown seaweed in G-MACMODS) are portrayed. (c) Comparison of the standing stock biomass in the available
literature to the maximum biomass achieved across a year in corresponding G-MACMODS locations. For details, please refer
to the Methods section in the manuscript.
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Supplementary Figure 7 Model-field comparisons (temperate red seaweed). (a) Locations of farmed Porphyra and
Pyropia observations listed in Supplementary Table 4. (b) Boxplot of maximum biomass achieved by G-MACMODS over the
course of a year as compared to the mean harvested biomass from the available literature (details in Supplementary Table 4).
Boxplots represent values across all G-MACMODS grid cells. Only values above a biomass of 10 g-DW m−2 (the seed density
for temperate red seaweed in G-MACMODS) are portrayed. (c) Comparison of the mean harvested biomass in the available
literature to the mean harvested biomass in corresponding G-MACMODS locations. For details, please refer to the Methods
section in the manuscript.
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Supplementary Figure 8 Model-field comparisons (temperate brown seaweed). (a) Locations of Macrocystis and
Saccharina (farmed and wild) observations listed in Supplementary Table 5. (b) Boxplot of maximum biomass achieved by
G-MACMODS over the course of a year as compared to the mean harvested biomass from the available literature (details in
Supplementary Table 5). Boxplots represent values across all G-MACMODS grid cells. Only values above a biomass of 50
g-DW m−2 (the seed density for temperate brown seaweed in G-MACMODS) are portrayed. (c) Comparison of macroalgae
biomass in the available literature (harvested yield or wild standing stock) to the biomass in corresponding G-MACMODS
locations (harvested yield or maximum standing stock). For details, please refer to the Methods section in the manuscript.
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Supplementary Figure 9 Random forest results. Focused view of the ”other” category in Figure 3 of the main
manuscript. The results have been normalized to reflect the relative importance of each parameter. For parameter information,
please refer to Supplementary Table 1.
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Supplementary Figure 10 Alternate nutrient inputs. (a) Difference in annual harvested yield (in tC/km2 year−1)
between standard runs executed with CESM nutrients and those carried out with nutrients distributed by the E.U. Copernicus
Marine Service Information (DOI:10.48670/moi-00019; referred to as ”Copernicus” in the figure above). Positive (negative)
values denote locations where the G-MACMODS standard runs with CESM nutrient inputs resulted in larger (smaller) annual
harvested yields than those carried out with Copernicus nutrients. (b–c) Cumulative distribution functions of annual seaweed
carbon harvested relative to the share of global EEZs farmed. Results from the ambient standard runs using CESM and
Copernicus nutrients are depicted as dashed lines. The solid line and surrounding shading denote the range of cumulative
harvested yields resulting from the Monte Carlo simulations with CESM ambient nutrients (see the Methods section in
manuscript). The harvested yields from the standard run carried out with Copernicus nutrients fall within the range of results
from the Monte Carlo simulations.
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Supplementary Figure 11 Inter-annual harvest variability. Harvest yield temporal mean (top row) and standard
deviation (bottom row) across 2002–2019.
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12. Chapman, A., Markham, J. & Lüning, K. Effects of nitrate concentration on the growth and physiology of Laminaria
Saccharina (Phaeophyta) in culture 1, 2. J. phycology 14, 195–198, DOI: 10.1111/j.1529-8817.1978.tb02448.x (1978).

13. Ozaki, A., Mizuta, H. & Yamamoto, H. Physiological differences between the nutrient uptakes of Kjellmaniella crassifolia
and Laminaria japonica (Phaeophyceae). Fish. science 67, 415–419, DOI: 10.1046/j.1444-2906.2001.00277.x (2001).

14. Msuya, F. E. & Salum, D. Effect of the presence of seagrass and nutrients on growth rates of farmed Kappaphycus
alvarezii and Eucheuma denticulatum (Rhodophyta). West. Indian Ocean. J. Mar. Sci. 10, 129–135 (2011).

15. Montoya-Rosas, E. D. V., Cabrera, J. A. R., León, R. E. R. & Rodrı́guez, J. L. N. Evaluación del crecimiento de Eucheuma
isiforme (Rhodophyta, Gigartinales) en sistemas de cultivo suspendidos en la isla de Cubagua, Venezuela (sureste del Mar
Caribe). AquaTechnica: Revista Iberoamericana de Acuicultura. 2, 86–98 (2020).

16. Wakibia, J., Bolton, J., Keats, D. & Raitt, L. Factors influencing the growth rates of three commercial eucheumoids at
coastal sites in southern Kenya. J. Appl. Phycol. 18, 565–573, DOI: 10.1007/s10811-006-9058-2 (2006).

17. Choi, H. G. et al. Physiological differences in the growth of Sargassum horneri between the germling and adult stages. In
Nineteenth International Seaweed Symposium, 279–285, DOI: 10.1007/978-1-4020-9619-8 35 (Springer, 2007).

18. Hanisak, M. D. & Samuel, M. A. Growth rates in culture of several species of Sargassum from Florida, USA. In Twelfth
International Seaweed Symposium, 399–404, DOI: 10.1007/978-94-009-4057-4 59 (Springer, 1987).

19. Carmona, R., Kraemer, G. & Yarish, C. Exploring Northeast American and Asian species of Porphyra for use in an
integrated finfish–algal aquaculture system. Aquaculture 252, 54–65, DOI: 10.1016/j.aquaculture.2005.11.049 (2006).

20. Gao, G., Gao, Q., Bao, M., Xu, J. & Li, X. Nitrogen availability modulates the effects of ocean acidification on biomass
yield and food quality of a marine crop Pyropia yezoensis. Food chemistry 271, 623–629, DOI: 10.1016/j.foodchem.2018.
07.090 (2019).

22/27

10.1515/BOT.2003.052
10.1111/j.1440-1835.2009.00555.x
10.1007/s10811-004-5511-2
10.1016/j.jembe.2012.10.017
10.1007/BF00396960
10.1016/0022-0981(82)90202-7
10.1016/0022-0981(82)90202-7
10.1111/j.0022-3646.1994.00573.x
10.1111/j.0022-3646.1994.00573.x
10.1111/j.1529-8817.1978.tb00305.x
10.1111/j.1529-8817.1978.tb00305.x
10.1111/jpy.13000
10.3354/aei00171
10.1111/j.1529-8817.1978.tb02448.x
10.1046/j.1444-2906.2001.00277.x
10.1007/s10811-006-9058-2
10.1007/978-1-4020-9619-8_35
10.1007/978-94-009-4057-4_59
10.1016/j.aquaculture.2005.11.049
10.1016/j.foodchem.2018.07.090
10.1016/j.foodchem.2018.07.090


21. Kopczak, C. D. The effects of nitrate limitation on the growth and physiology of the giant kelp, Macrocystis pyrifera
(Phaeophyta). (1994).

22. De Nys, R., Jameson, P., Chin, N., Brown, M. & Sanderson, K. The cytokinins as endogenous growth regulators in
Macrocystis pyrifera (L.) C. Ag.(Phaeophyceae). Bot. marina 33, 467–476 (1990).

23. Azevedo, I. C., Marinho, G. S., Silva, D. M. & Sousa-Pinto, I. Pilot scale land-based cultivation of Saccharina latissima
Linnaeus at southern European climate conditions: growth and nutrient uptake at high temperatures. Aquaculture 459,
166–172, DOI: 10.1016/j.aquaculture.2016.03.038 (2016).
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71. Andréfouët, S. et al. The timing and the scale of the proliferation of Sargassum polycystum in Funafuti Atoll, Tuvalu. J.
Appl. Phycol. 29, 3097–3108, DOI: 10.1007/s10811-017-1165-8 (2017).

72. Mattio, L., Payri, C. E. & Stiger-Pouvreau, V. Taxonomic revision of Sargassum (Fucales, Phaeophycae) from French
Polynesia based on morphological and molecular analyses 1. J. phycology 44, 1541–1555, DOI: 10.1111/j.1529-8817.
2008.00597.x (2008).

73. Calumpong, H., Maypa, A. & Magbanua, M. Population and alginate yield and quality assessment of four Sargassum
species in Negros Island, central Philippines. Hydrobiologia 398, 211–215, DOI: 10.1023/A:1017015824822 (1999).

74. Fulton, C. J. et al. Sea temperature shapes seasonal fluctuations in seaweed biomass within the Ningaloo coral reef
ecosystem. Limnol. Oceanogr. 59, 156–166, DOI: 10.4319/lo.2014.59.01.0156 (2014).

75. Schaffelke, B. & Klumpp, D. Biomass and productivity of tropical macroalgae on three nearshore fringing reefs in the
central Great Barrier Reef, Australia. DOI: 10.1515/botm.1997.40.1-6.373 (1997).

76. Wu, H., Kim, J. K., Huo, Y., Zhang, J. & He, P. Nutrient removal ability of seaweeds on Pyropia yezoensis aquaculture
rafts in China’s radial sandbanks. Aquatic Bot. 137, 72–79, DOI: 10.1016/j.aquabot.2016.11.011 (2017).

77. Hwang, E. K., Yotsukura, N., Pang, S. J., Su, L. & Shan, T. F. Seaweed breeding programs and progress in eastern Asian
countries. Phycologia 58, 484–495, DOI: 10.1080/00318884.2019.1639436 (2019).

78. He, P. et al. Bioremediation efficiency in the removal of dissolved inorganic nutrients by the red seaweed, Porphyra
yezoensis, cultivated in the open sea. Water Res. 42, 1281–1289, DOI: 10.1016/j.watres.2007.09.023 (2008).

79. Gundersen, H. et al. Variation in population structure and standing stocks of kelp along multiple environmental gradients
and implications for ecosystem services. Front. Mar. Sci. 8, 360, DOI: 10.3389/fmars.2021.578629 (2021).

80. Krumhansl, K. A. & Scheibling, R. E. Detrital production in Nova Scotian kelp beds: Patterns and processes. Mar. Ecol.
Prog. Ser. 421, 67–82, DOI: 10.3354/meps08905 (2011).

81. van Son, T. C. et al. Achieving reliable estimates of the spatial distribution of kelp biomass. Front. Mar. Sci. 7, 107, DOI:
10.3389/fmars.2020.00107 (2020).

82. Smale, D. A. et al. Linking environmental variables with regional-scale variability in ecological structure and standing
stock of carbon within UK kelp forests. Mar. Ecol. Prog. Ser. 542, 79–95, DOI: 10.3354/meps11544 (2016).

83. Pedersen, M. F., Nejrup, L. B., Fredriksen, S., Christie, H. & Norderhaug, K. M. Effects of wave exposure on population
structure, demography, biomass and productivity of the kelp Laminaria hyperborea. Mar. Ecol. Prog. Ser. 451, 45–60,
DOI: 10.3354/meps09594 (2012).

84. Pessarrodona, A., Moore, P. J., Sayer, M. D. & Smale, D. A. Carbon assimilation and transfer through kelp forests in the
NE Atlantic is diminished under a warmer ocean climate. Glob. Chang. Biol. 24, 4386–4398, DOI: 10.1111/gcb.14303
(2018).

25/27

10.1088/1755-1315/750/1/012056
10.1515/BOT.1999.036
10.1080/09670260500109210
10.1007/s10811-017-1165-8
10.1111/j.1529-8817.2008.00597.x
10.1111/j.1529-8817.2008.00597.x
10.1023/A:1017015824822
10.4319/lo.2014.59.01.0156
10.1515/botm.1997.40.1-6.373
10.1016/j.aquabot.2016.11.011
10.1080/00318884.2019.1639436
10.1016/j.watres.2007.09.023
10.3389/fmars.2021.578629
10.3354/meps08905
10.3389/fmars.2020.00107
10.3354/meps11544
10.3354/meps09594
10.1111/gcb.14303


85. Marinho, G. S., Holdt, S. L., Birkeland, M. J. & Angelidaki, I. Commercial cultivation and bioremediation
potential of sugar kelp, Saccharina latissima, in Danish waters. J. applied phycology 27, 1963–1973, DOI:
10.1007/s10811-014-0519-8 (2015).

86. Macchiavello, J., Araya, E. & Bulboa, C. Production of Macrocystis pyrifera (Laminariales; Phaeophyceae) in northern
Chile on spore-based culture. J. Appl. Phycol. 22, 691–697, DOI: 10.1007/s10811-010-9508-8 (2010).

87. Forbord, S. et al. Latitudinal, seasonal and depth-dependent variation in growth, chemical composition and biofouling
of cultivated Saccharina latissima (Phaeophyceae) along the Norwegian coast. J. Appl. Phycol. 32, 2215–2232, DOI:
10.1007/s10811-020-02038-y (2020).

88. Augyte, S., Yarish, C., Redmond, S. & Kim, J. K. Cultivation of a morphologically distinct strain of the sugar kelp,
Saccharina latissima forma angustissima, from coastal Maine, USA, with implications for ecosystem services. J. Appl.
Phycol. 29, 1967–1976, DOI: 10.1007/s10811-017-1102-x (2017).

89. Boderskov, T. et al. Effects of seeding method, timing and site selection on the production and quality of sugar kelp,
Saccharina latissima: A Danish case study. Algal Res. 53, 102160, DOI: 10.1016/j.algal.2020.102160 (2021).

90. Park, C. S. & Hwang, E. K. Seasonality of epiphytic development of the hydroid Obelia geniculata on cul-
tivated Saccharina japonica (Laminariaceae, Phaeophyta) in Korea. J. applied phycology 24, 433–439, DOI:
10.1007/s10811-011-9755-3 (2012).

91. Bak, U. G., Mols-Mortensen, A. & Gregersen, O. Production method and cost of commercial-scale offshore cultivation of
kelp in the Faroe Islands using multiple partial harvesting. Algal research 33, 36–47, DOI: 10.1016/j.algal.2018.05.001
(2018).
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