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Supplementary information
1. Tables

Table S1. Estimated global marine net primary production (NPP) and carbon sequestration potential
(CSP) of major marine autotrophic groups. Confidence intervals are 95% confidence intervals,
calculated as mean + z x standard error, where z is the 97.5 percentile point of the standard normal
distribution. In the case of seagrasses, Cl is half range uncertainty because standard errors were not
reported. % indicates the percentage of NPP that is sequestered.

NPP (Gt C yr) CSP (GtCyr)
Plant Mean Confidence interval Mean Confidence interval CSP (%)
Seagrasses 0.315"  0.14-0.49' 0.067"2 0.03-0.104"2 21.2
Macroalgae 1.521% 1.476-1.566° 0.173° 0.163-0.183? 11.4
Phytoplankton 58* 51-65* 0.232*%  0.204-0.26*° 0.4

Table S2. Macroalgal species feeding into parameters of the most recent estimates of global
macroalgal carbon sequestration potential’. Studies of whole communities with no mention of
species or genera are not included below. Species marked in bold were studied as distinct species
rather than as part of bulk community measurements. When a meta-analysis was cited by Krause-
Jensen and Duarte®, both the meta-analysis and the original study are referenced. All taxonomic
names were updated to current standards using WoRMS'.

Parameter Species (order, class)

Carbon assimilation Callithamnion corymbosum (Ceramiales, Florideophyceae)® ®
Ceramium diaphanum (Ceramiales, Florideophyceae)® °
Ceramium virgatum (Ceramiales, Florideophyceae)® °
Cladophora sp. (Cladophorales, Ulvophyceae)® °
Cladostephus spongiosus f. verticillatus (Sphacelariales, Phaeophyceae)® ®
Dictyota fasciola (Dictyotales, Phaeophyceae)® ®
Fucus sp. (Fucales, Phaeophyceae)'®
Fucus vesiculosus (Fucales, Phaeophyceae)'® 12
Halimeda opuntia (Bryopsidales, Ulvophyceae)'* *
Hydrolithon boergesenii (Corallinales, Florideophyceae)'® 416
Hydrolithon gardineri (Corallinales, Florideophyceae)'® ' 16
Laminaria digitata (Laminariales, Phaeophyceae)'* 1" 18
Laminaria pallida (Laminariales, Phaeophyceae)'® '°
Laurencia obtusa (Ceramiales, Florideophyceae)® °
Lithophyllum intermedium (Corallinales, Florideophyceae)'® 2
Lithophyllum spp. (Corallinales, Florideophyceae)'® 2
Macrocystis pyrifera (Laminariales, Phaeophyceae)'® 12 2!
Neogoniolithon fosliei (Corallinales, Florideophyceae)'® 2°
Porolithon antillarum (Corallinales, Florideophyceae)'® %
Porolithon onkodes (Corallinales, Florideophyceae)'® 1% 1622
Porolithon spp. (Corallinales, Florideophyceae)'® 23
Saccharina latissima (Laminariales, Phaeophyceae)'* %
Saccharina longicruris (Laminariales, Phaeophyceae)' 17 182
Sargassum platycarpum (Fucales, Phaeophyceae)'® 2
Sporolithon erythraeum (Sporolithales, Florideophyceae)'® 1% 1¢
Sporolithon ptychoides (Sporolithales, Florideophyceae)' '
Sporolithon sp. (Sporolithales, Florideophyceae)' %’
Treptacantha barabata (Fucales, Phaeophyceae)® ®



Total carbon export

Dissolved carbon export

Deep sea carbon export

Ulva sp. (Ulvales, Ulvophyceae)®°

Vertebrata subulifera (Ceramiales, Florideophyceae)® °
Acanthophora spicifera (Ceramiales, Florideophyceae)® 2
Amphiroa fragilissima (Corallinales, Florideophyceae)?® 2°
Canistrocarpus cervicornis (Dictyotales, Phaeophyceae)®® 2°
Caulerpa cupressoides (Bryopsidales, Ulvophyceae)?® %°
Caulerpa racemosa (Bryopsidales, Ulvophyceae)?® %°
Centroceras clavulatum (Ceramiales, Florideophyceae)®® 2
Centroceras clavulatum (Ceramiales, Florideophyceag)?® %
Cladophora albida (Cladophorales, Ulvophyceae)?: 3
Codium tomentosum (Bryopsidales, Ulvophyceae)® *°
Dermonema virens (Nemaliales, Florideophyceag)?® %
Dictyopteris delicatula (Dictyotales, Phaeophyceae)?® %2
Dictyota bartayresiana (Dictyotales, Phaeophyceae)®® %
Dictyota dichotoma (Dictyotales, Phaeophyceae)?® 2
Dictyota guineénsis (Dictyotales, Phaeophyceage)?® 32
Dictyota implexa (Dictyotales, Phaeophyceae)®® %

Dictyota jamaicensis (Dictyotales, Phaeophyceage)?® %
Dictyota mertensii (Dictyotales, Phaeophyceae)® *

Dictyota pinnatifida (Dictyotales, Phaeophyceage)?® %2
Ecklonia maxima (Laminariales, Phaeophyceae)®
Gelidiella acerosa (Gelidiales, Florideophyceae)?® 2°
Gracilaria corticata (Gracilariales, Florideophyceage)?® %
Gracilaria foliifera (Gracilariales, Florideophyceae)® %
Gracilaria textorii (Gracilariales, Florideophyceae)® ®
Gracilariopsis lemaneiformis (Gracilariales, Florideophyceag)?® %
Gracilariopsis longissima (Gracilariales, Florideophyceae)® *°
Halimeda tuna (Bryopsidales, Ulvophyceag)?® %

Hypnea musciformis (Gigartinales, Florideophyceae)® 2
Hypnea spinella (Gigartinales, Florideophyceae)® 2°
Laurencia obtuse (Ceramiales, Florideophyceae)?® %
Laurencia sp. (Ceramiales, Florideophyceag)?® %
Macrocystis pyrifera (Laminariales, Phaeophyceae)® 3
Melanothamnus somalensis (Ceramiales, Florideophyceae)®® *°
Padina gymnospora (Dictyotales, Phaeophyceae)?® %

Padina sanctae-crucis (Dictyotales, Phaeophyceae)?® %2
Padina sp. (Dictyotales, Phaeophyceae)®® *°

Padiina tetrastromatica (Dictyotales, Phaeophyceae)?® %
Palisada perforata (Ceramiales, Florideophyceae)?*°
Rhodymenia sp. (Rhodymeniales, Florideophyceae)?: %
Saccharina longicruris (Laminariales, Phaeophyceae)'” 2
Sarconema filiforme (Gigartinales, Florideophyceae)?® %
Stoechospermum polypodioides (Dictyotales, Phaeophyceae)® *
Stypopodium zonale (Dictyotales, Phaeophyceae)®® %

Ulva flexuosa (Ulvales, Ulvophyceae)?® 0

Ulva intestinalis (Ulvales, Ulvophyceae)® *°

Ulva lactuca (Ulvales, Ulvophyceage)?: %

Ulva linza (Ulvales, Ulvophyceag)?® %

Caulerpa prolifera (Bryopsidales, Ulvophyceae)*
Caulerpa racemosa (Bryopsidales, Ulvophyceae)*®

Fucus serratus (Fucales, Phaeophyceae)®

Fucus vesiculosus (Fucales, Phaeophyceae)®®

Halimeda tuna (Bryopsidales, Ulvophyceae)*®

Laminaria sp. (Laminariales, Phaeophyceae)*®
Dictyopteris delicatula (Dictyotales, Phaeophyceae)®
Dictyota bartayresiana (Dictyotales, Phaeophyceae)®
Dictyota dichotoma (Dictyotales, Phaeophyceae)®

Dictyota guineénsis (Dictyotales, Phaeophyceae)®

Dictyota implexa (Dictyotales, Phaeophyceae)®

Dictyota jamaicensis (Dictyotales, Phaeophyceae)®

Dictyota mertensii (Dictyotales, Phaeophyceae)®

Dictyota pinnatifida (Dictyotales, Phaeophyceae)?

Padina sanctae-crucis (Dictyotales, Phaeophyceae)®
Sargassum spp. (Fucales, Phaeophyceae)®



Stypopodium zonale (Dictyotales, Phaeophyceae)®

Carbon burial Gracilaria spp. (Gracilariales, Florideophyceae)®

Table S3. Scientific literature and records on the past, present and future biogeographic distribution
of Northeast Atlantic Laminaria species and the northern biogeographic boundary of warm temperate
kelps. The present study concerns compositional change in a mixed kelp forest at the range overlap
of all species. Therefore, the focus of the presented past and future species distribution data lies in
the trailing range edges of L. digitata and L. hyperborea and the leading range edge of L. ochroleuca.
Nevertheless, it should be remarked that historical records® and recent evidence® point towards a
similar shift of the trailing edge of L. ochroleuca and the leading edges of L. digitata* and L.
hyperborea' are also likely shifting north.

Species Present Past Future Boundary
L. digitata OBIS*2, GBIF*®, NBN*, OSPAR van den Hoek Raybaud et
(unpublished data) and Donze®, al.*’, Assis et
Lining*® al.*®
L. hyperborea OBIS*®, GBIF®®, NBN®", Assis et al.*?, GBIF*, Lining*®  Assis et al.*8,
Casado-Amezua et al.%®, OSPAR Assis et al.%®
(unpublished data)
L. ochroleuca Casado-Amezua et al.>®, OBIS®, Schoenrock et Assis et al.*®, Lining“,
GBIF*, NBN®%8, Schoenrock et al.*, al.>®, Parke®? Franco et al.®® Forbes®

Voerman et al.%°,
Giaccone®’,
OSPAR (unpublished data)

Table S4. Temperature tolerance of Northeast Atlantic Laminaria species. Temperature tolerance
refers to the ability to grow for sporophytes and maintenance of fertility for gametophytes. The
present study concerns changes in kelp forest composition due to differential thermal tolerance of
component species. Therefore, the data presented here are those most relevant to environmental
change. Nevertheless, it should be remarked that Laminaria species gametophytes can survive a
greater temperature range than sporophytes® and the fertility of sporophytes is sometimes more
temperature-limited than that of gametophytes®.

Species Stage Optimum (°C) Highest tolerance (°C) Lowest tolerance (°C)
L. digitata Sporophyte 1067-%° 20°7-70 -270
Gametophyte ~ 10%7"2 17697278 o™
L. hyperborea Sporophyte 156760 205769 -1.5"
Gametophyte ~ 15% 7 185973 26970
L. ochroleuca Sporophyte 1569.76.77 2558 569,76
Gametophyte 157" 21%.7 10707778

Table S5. Seasonal and annual sporophyte densities and particulate organic carbon (POC) export of
Northeast Atlantic Laminaria species, given as means + standard errors, in the kelp forest at West
Hoe between January 2016 and March 2017. Sporophyte densities were adjusted for vertical kelp
forest zonation and are given as forest-wide densities. These empirical data were used to derive an
estimate of areal carbon export. Note that the given overall sample sizes for sporophyte densities
and carbon export do not correspond directly to the means and standard errors since they were
summed across months and derived via the variance sum law respectively as described in the
methods.

Species Season n Density Forest density n POC export POC export
(plants m2)  (plants m) (gCplant’) (gCm?

L. digitata Annual 75 2251+185 4.5+0.37 103 19.96+1.62 89.85+10.4
Spring 20 28.8+4.27 5.76 + 0.85 24 428 +1.17 24.63 +7.74
Summer 27 12+ 1.91 2.4 +0.38 28 7.13 +£0.82 17.11 £ 3.38
Autumn 15 32.8+2.54 6.56 + 0.51 22 7.28 +0.73 47.74 + 6.05
Winter 13 22.77+419 455+0.84 29 1.28 + 0.24 5.81 +1.53

L. hyperborea  Annual 73 10.47 +0.87 8.37 +0.69 108 2522 +2.5 211.18 + 27.37
Spring 20 11.6+1.59 9.28 + 1.27 30 13.99 +1.78 129.84 + 24.39
Summer 26 7.38x+1.5 591+£1.2 26 1.27 + 0.39 7.49 + 2.81
Autumn 13 15.08+1.98 12.06 + 1.59 25 713 +1.56 85.98 + 22.08
Winter 14 1029+1.44 823+1.15 27 2.83 +0.71 23.33 + 6.73

L. ochroleuca Annual 73 4.66+0.6 3.73+0.48 95 34.15+3.75 127.23 +21.59
Spring 20 3.2+0.9 2.56 + 0.72 26 3.56 + 0.53 9.11 £ 2.93



Summer 26 5.38+1.09 4.31 +0.87 19 17.76 £+ 3.49 76.49 +21.74
Autumn 13 6.46+1.9 517 +1.52 24 10.33 +1.19 53.42 + 16.95
Winter 14 3.71 +£0.89 2.97 + 0.71 26 2.49 + 0.42 7.41+2.18

Table S6. Linear model (LM), generalised linear model (GLM), generalised least squares (GLS) and
linear mixed effects (LME) results obtained from omnibus and pairwise tests. The latter are only given
when more than two categories need comparing. When the interaction term was found to be
significant, it is reported and statistics for the slope (i.e. the continuous explanatory variable) are
given for each species. Details on the construction of each model can be found in the R code
(github.com/lukaseamus/CSP).

Variables Model Test n df F X? t p

Carbon export (g C plant™ d™)

Species GLM Omni 306 2 9.99 0.007 *
L. digitata < L. hyperborea Pairs 2.08 0.04 *
L. digitata < L. ochroleuca 3.16 0.002 *
L. hyperborea = L. ochroleuca 1.15 0.25

Plant mass (g)

Species LM Omni 311 2 23.57 <0.001 *
L. digitata < L. hyperborea Pairs 6.85 <0.001 ™
L. digitata < L. ochroleuca 3.79 <0.001 ™=
L. hyperborea > L. ochroleuca 2.86 0.005 b
Decomposition (% d™)

Species LM Omni 129 2 7.13 0.001 >
Experiment 1 5.28 0.02 *
Residuals 125

L. digitata = L. hyperborea Pairs 129 0.2

L. digitata < L. ochroleuca 2.43 0.02 *
L. hyperborea < L. ochroleuca 3.72 <0.001 ™=
Decomposition (% d™)

Species GLS Omni 81 2 0.02 0.99
Phenolic content x Species 2 8.16 0.02 *
Phenolic content (L. digitata) 1 3.47 0.06
Phenolic content (L. hyperborea) 1 21.02 <0.001 ™
Phenolic content (L. ochroleuca) 1 10.55 0.001 b
Decomposition (% d™)

Phenolic content GLS Omni 81 1 15.63 <0.001 ™
Decomposition (% d™)

Carbon content LM Omni 81 1 5.75 0.02 *
Decomposition (% d™)

Nitrogen content LM Omni 81 1 3.69 0.06
Decomposition (% d™)

Carbon-nitrogen ratio LM Omni 81 1 0.08 0.77
Excavated tissue (%)

Species GLM Omni 54 2 104.94 <0.001 *
L. digitata < L. hyperborea Pairs 2.48 0.02 *
L. digitata < L. ochroleuca 9.87 <0.001 ™
L. hyperborea < L. ochroleuca 739 <0.001 ™=
Perforated tissue (%)

Species GLM Omni 54 2 12.9 0.002 *
L. digitata = L. hyperborea Pairs 1.13 0.26

L. digitata < L. ochroleuca 2.35 0.02 *
L. hyperborea < L. ochroleuca 3.49 0.001 *
Tissue water content (%)

Species GLS Omni 307 2 210.03 <0.001 ™=
L. digitata > L. hyperborea Pairs 2.46 0.01 *
L. digitata < L. ochroleuca 122 <0.001 *
L. hyperborea < L. ochroleuca 10.6 <0.001 **
Net carbon assimilation

(mgCg'h)

Species LM Omni 126 2 3.95 0.02 *
Detrital age x Species 2 9.27 <0.001 ™
Detrital age (L. digitata) 1 0.02 0.88

Detrital age (L. hyperborea) 1 3.36 0.07



Detrital age (L. ochroleuca) 1 36.77 <0.001 ™

Residuals 120

L. digitata = L. hyperborea Pairs 0.17 0.86

L. digitata > L. ochroleuca 2.52 0.01 *
L. hyperborea > L. ochroleuca 2.34 0.02 *
Respiration (mg C g™ h™)

Species GLS Omni 126 2 42.68 <0.001 ™=
Detrital age x Species 2 25.53 <0.001 ™
Detrital age (L. digitata) 1 21.69 <0.001 ™
Detrital age (L. hyperborea) 1 7.32 0.007 b
Detrital age (L. ochroleuca) 1 1.59 0.21

L. digitata < L. hyperborea Pairs 6.06 <0.001 ™
L. digitata < L. ochroleuca 3.39 0.001 b
L. hyperborea = L. ochroleuca 0.57 0.57

Gross carbon assimilation (mg

Cg'h?)

Species LM Omni 126 2 3.72 0.03 *
Detrital age x Species 2 13.62 <0.001 ™
Detrital age (L. digitata) 1 1.45 0.23

Detrital age (L. hyperborea) 1 8.54 0.004 b
Detrital age (L. ochroleuca) 1 37.94 <0.001 ™
Residuals 120

L. digitata < L. hyperborea Pairs 2.36 0.02 *
L. digitata = L. ochroleuca 0.01 0.99

L. hyperborea > L. ochroleuca 2.37 0.02 *
Phenolic content (%)

Species GLS Omni 81 2 4.85 0.09

Detrital age x Species 2 15.24 <0.001 ™
Detrital age (L. digitata) 1 3.41 0.06

Detrital age (L. hyperborea) 1 15.57 <0.001 ™
Detrital age (L. ochroleuca) 1 14 0.24

L. digitata < L. hyperborea Pairs 22 0.08 *
L. digitata = L. ochroleuca 0.02 0.98

L. hyperborea > L. ochroleuca 2.07 0.04 *
Carbon content (%)

Species LME Omni 81 2 4.49 0.11

Detrital age x Species 2 9.98 0.007 *
Detrital age (L. digitata) 1 16.52 <0.001 ™
Detrital age (L. hyperborea) 1 0.04 0.85

Detrital age (L. ochroleuca) 1 2.51 0.11
Nitrogen content (%)

Species GLS Omni 81 2 1.49 0.47

Detrital age x Species 2 6.16 0.05 *
Detrital age (L. digitata) 1 13.3 <0.001 ™
Detrital age (L. hyperborea) 1 4.53 0.08 *
Detrital age (L. ochroleuca) 1 0.59 0.44
Carbon-nitrogen ratio

Species GLM Omni 81 2 0.54 0.77

Detrital age 1 4.62 0.03 *

Table S7. Decomposition of Northeast Atlantic Laminaria species in in situ mesh bag experiments.
Decomposition rates, given as means + standard errors, were measured in the kelp forest at West
Hoe (WH) and on sediment off Drake’s Island (DI) and Jennycliff (JC) in Plymouth Sound (Fig. 2a).
Depths are given in relation to lowest astronomical tide.

Species Duration Site Seabed Depth Mesh o n Decomposition
(m) (mm) (% d™')
L. digitata May-Jun 2019 (32d) WH  Forest 2 13 27 1.01 = 0.21
Mar-May 2016 (40d) DI Sediment 4 20 4 0.27 +0.12
2 4 0.8+0.15
JC Sediment 4 20 4 0.81 +0.13
2 4 1.24 + 0.32
L. hyperborea May-Jun 2019 (32d) WH  Forest 2 13 27 0.79 £ 0.24
Mar-May 2016 (40d) DI Sediment 4 20 4 0.04 + 0.02



2 4 0.28 £ 0.13
JC  Sediment 4 20 4 0.22 £ 0.09
2 4 0.64 £ 0.47
L. ochroleuca May-Jun 2019 (32d) WH  Forest 2 13 27 1.81+£0.34
Mar-May 2016 (40d) DI Sediment 4 20 4 0.26 £ 0.15
2 4 0.8+0.14
JC  Sediment 4 20 4 1.42 +0.25
2 4 1.82 + 0.24

2. Figures
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Figure S1. Juxtaposition of infralittoral kelp forest (West Hoe) and sedimentary (Drake’s Island and
Jennycliff) study sites in Plymouth Sound, UK, illustrating their potential connectivity. Importantly,
sedimentary sites are located deeper and downstream of the kelp forest and likely receive
allochthonous carbon via seaward (southward) flux of kelp detritus. The map is based on the
coordinate reference system OSGB 1936, rendered according to the transverse Mercator projection
and oriented north. Coastline and bathymetry data were obtained from the Ordnance Survey’ and
UK Hydrographic Office® respectively and rendered in QGIS v3.2 (agis.org).



o
©
J

-4 L. digitata
- L. hyperborea

W v L. ochroleuca

o
o
]

0.4

0.2

Carbon export (g C plant‘1 d‘1)

0.0

=

T T T
Sep Oct Nov Dec Jan Feb

Figure S2. Seasonal particulate carbon export via distal frond erosion from Northeast Atlantic
Laminaria species. Measurements were taken between March 2016 and February 2017 at West Hoe,
the same kelp forest where in situ decomposition experiments took place in 2019. Point-ranges
indicate means and 95% confidence intervals. Coloured axis ticks are annual means of daily carbon
export. Kelp icons denote peaks in carbon export for each species.
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Figure S3. Relationship between phenolic content and decomposition rate in detritus of Northeast
Atlantic Laminaria species. Lines and shaded areas are model predictions and 95% confidence
intervals. Solid lines represent significant slopes at the 95% confidence level, while dashed lines
indicate no significant change over time.
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Figure S4. Present seasonal carbon sequestration potential (a) and cumulative net carbon
assimilation (b) of Northeast Atlantic Laminaria species with increasing detrital age. Lines and
shaded areas are estimates and 95% confidence intervals.
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Figure S5. Historical minimum (winter, blue), mean (annual average, grey) and maximum (summer,
orange) sea surface temperature data and representative concentration pathway (RCP) mid- and
end-of-century predictions for the Plymouth Sound region. Lines and shaded areas are locally
estimated scatterplot smoothing (polynomial regression) predictions and 95% confidence intervals.
Upper and lower horizontal lines and kelp icons indicate maximum temperature tolerance for cold
temperate sporophytes and minimum temperature tolerance for Laminaria ochroleuca gametophytes
(Table S4). Note that the latter was estimated to be below the lowest tolerance of gametophyte
fertility given in Table S4 (10°C) since L. ochroleuca was already present in Plymouth Sound in 1946,
when mean winter temperatures were still approximately 9.53°C.
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Figure S6. Temporal trend of species-specific (coloured) and overall (black) Northeast Atlantic
Laminaria species particulate carbon export over two centuries according to historical sea surface
temperature data and RCP temperature predictions for the Plymouth Sound region. Lines and
shaded areas are estimates and 95% confidence intervals.
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Figure S7. Temporal trend of overall kelp forest carbon sequestration potential (CSP) over one
century according to RCP sea surface temperature predictions for the Plymouth Sound region. All
detrital carbon remaining after 50 d (cf. Fig. 4a) is assumed to be sequestered for the purposes of
highlighting the effect of changing kelp forest composition. Lines and shaded areas are estimates
and 95% confidence intervals. Kelp icons and vertical lines indicate stages of compositional change.
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Figure S8. Effect of decomposition on gross primary production of Northeast Atlantic Laminaria
species detritus at 50.4 ymol photons m™ s™. Point-ranges indicate means and 95% confidence
intervals. Lines and shaded areas are model predictions and 95% confidence intervals. Solid lines
represent significant slopes at the 95% confidence level, while dashed lines indicate no significant
change over time. Carbon assimilation was calculated from oxygen production, assuming
photosynthetic and respiratory quotients of 1, and is given per g of dry mass.
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Figure S9. at
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e at the Walter Rocks kelp forest (54.384239°N,
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5.557793°W) in Strangford Lough, UK. This photograph disproves the commonly held notion that L.
digitata is mostly depauperate of epiphytes. © Luka Seamus Wright.
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