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ABSTRACT

Dissolved organic carbon (DOC) release by seaweeds (marine macroalgae) is a critical component 

of the coastal oceans biogeochemical carbon cycle but is an aspect of seaweed carbon physiology 

that we know relatively little about. Seaweed-derived DOC is found throughout coastal 

ecosystems and supports multiple food web linkages. Here we discuss the mechanisms of DOC 

release by seaweeds and group them into passive (leakage, requires no energy) and active release 

(exudation, requires energy) with particular focus on the photosynthetic ‘overflow’ hypothesis. 

The release of DOC from seaweeds was first studied in the 1960’s but subsequent studies use a 

range of units hindering evaluation: we convert published values to a common unit (μmol C · g 

DW-1 · h-1) allowing comparisons between seaweed phyla, functional groups, biogeographic 

region, and an assessment of the environmental regulation of DOC production. The range of DOC 

release rates by seaweeds from each phylum under ambient environmental conditions was: 0 – 

266.44 μmol C · g DW-1 · h-1 (Chlorophyta), 0 – 89.92 μmol C · g DW-1 · h-1 (Ochrophyta) and 0 – 

41.28 μmol C · g DW-1· h-1 (Rhodophyta). DOC release rates increased under environmental 

factors such as desiccation, high irradiance, non-optimal temperatures, altered salinity and 

elevated dissolved carbon dioxide (CO2) concentrations. Importantly DOC release was highest by 

seaweeds which were desiccated (<90 times greater DOC release compared to ambient). We 

discuss the impact of future ocean scenarios (ocean acidification, seawater warming, altered 

irradiance) on DOC release rates by seaweeds, the role of seaweed-derived DOC in carbon 

sequestration models, and how they inform future research directions. 

Key Index Words: Carbon sequestration; dissolved organic carbon; exudation; ocean carbon 

biogeochemical cycle; primary production; seaweeds

Abbreviations: CCM, carbon concentrating mechanism; cDOM, colored dissolved organic matter; 

DIC, dissolved inorganic carbon; DOC, dissolved organic carbon; OA, ocean acidification; POC, 

particulate organic carbon
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Seaweeds are marine primary producers from three distinct evolutionary lineages, the phyla 

Ochrophyta (brown seaweeds), Chlorophyta (green seaweeds) and Rhodophyta (red seaweeds), 

and are dominant autotrophs in coastal ecosystems contributing 5-10% of global primary 

production (Smith 1981, Charpy-Roubard and Sournia 1990). In the coastal marine environment, 

seaweeds provide structural habitat (Steneck et al. 2002, Christie et al. 2009), chemical 

microhabitats (Noisette and Hurd 2018, Layton et al. 2019, Pfister et al. 2019), essential nutrient 

cycling services (Troell et al. 1997, Chopin et al. 2001, Roleda and Hurd 2019) and a food source 

to higher trophic levels via herbivory and the detrital food chain (Duggins et al. 1989, Graham 

2004). Biotic and abiotic factors control the growth and production of seaweeds including: 

herbivory (Diaz-Pulido and McCook 2003), availability of inorganic nitrogen (Harrison and Hurd 

2001, Roleda and Hurd 2019), irradiance (Raven et al. 2000, Raven and Hurd 2012), temperature 

(Davison 1991, Wernberg et al. 2010), salinity (Ganesan et al. 1999, Conitz et al. 2001), CO2 

concentration and pH (Middelboe and Hansen 2007, Britton et al. 2016). 

Seaweeds make a significant contribution to the global oceanic carbon cycle as they 

contribute a net primary production (NPP) of 91-522 g C · m−2 · y−1 (Hurd et al. 2014, Duarte 

2017). Seaweed-based ecosystems are typically net autotrophic producing more organic matter via 

photosynthesis than is consumed by respiration within the community (Duarte and Cebrián 1996, 

Gattuso et al. 1998, Duarte et al. 2013, Duarte 2017). The carbon fixed by seaweeds via 

photosynthesis can be transported as detritus, particulate organic carbon (POC) and DOC to 

adjacent ecosystems including sandy beaches, rocky intertidal shores, rocky and sedimentary 

subtidal areas as well as the deep sea; in each scenario, it is either consumed by organisms or 

accumulated in sediments (Linley et al. 1981, Duarte and Cebrián 1996, Leclerc et al. 2013b, 

Abdullah et al. 2017, Pedersen et al. 2020). Of these photosynthetically-fixed organic carbon 

sources, DOC released by seaweeds, and its fate, is the least understood. 

Inorganic carbon is an essential nutrient for photosynthesis and in the ocean dissolved 

inorganic carbon (DIC) is available as carbon dioxide (CO2) and bicarbonate (HCO3
-). In natural 

seawater, at a pH of 8.0 (± 0.2) and 20°C, the concentration of HCO3
- is ~2000 μM, and that of 

CO2 is ~10 μM (Andria et al. 1999). With few exceptions, seaweeds utilize CO2 for 

photosynthesis and a majority additionally use HCO3
- which is converted to CO2 via at least three 

mechanisms (Fernández et al. 2014, Hurd et al. 2014). Within the seaweed cell, CO2 is fixed by 

RuBisCO and used to build carbon-skeletons that form amino acids, polysaccharides, starch, A
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reproductive material and cell walls. Additionally, a fraction of the fixed organic carbon is 

released by seaweeds as DOC via multiple mechanisms, both passive and active (Weigel and 

Pfister 2020). This review discusses DOC release by seaweeds focusing on: (1) a synthesis of the 

release mechanisms, (2) exudation of DOC as a mechanism of cellular balance to reduce the build-

up of photosynthetic products under limiting environmental conditions, (3) a comparison of rates 

of DOC release between seaweed phyla and functional groups, using a standardised unit that we 

recommend for future research, (4) the environmental regulation of DOC release, and (5) how 

DOC release might be altered under future ocean conditions, in particular, the role of ocean 

acidification and temperature. Finally, we discuss the fate of seaweed-derived DOC in the ocean, 

its importance and implications for future planning of climate change mitigation strategies. 

Biogeochemistry and fate of DOC in the marine environment

DOC can be operationally defined as any organic carbon particles which pass through a filter pore 

size 0.22-0.7 µm (GF/F filters) and span from highly labile to refractory molecules that are found 

throughout the oceanic water column (Sondergaard and Middelboe 1995). DOC constitutes 20% 

of all organic carbon on Earth and is considered an essential component of marine biogeochemical 

carbon cycles (Hedges 1992, Hansell et al. 2009, Barrón and Duarte 2015, Shen and Benner 2018). 

DOC is mostly produced autochthonously as a product of photosynthesis in the euphotic zone by 

phytoplankton, seagrass and seaweed (Fig. 1; Carlson et al. 2002, Lønborg et al. 2020). 

Approximately 30–50% of net primary production in the euphotic zone is estimated to be released 

as DOC, with ~50% consisting of polysaccharides (Benner et al. 1992). DOC produced in the 

surface ocean can be exported downwards through the water column, facilitated by water 

circulation and seasonal overturn, thereby supporting a wide range of food webs (Azam and 

Malfatti 2007, Hansell et al. 2009, Follett et al. 2014).

The spectrum of DOC molecules in the ocean spans labile (LDOC), semi-labile (SLDOC), 

semi-refractory (SRDOC), refractory (RDOC) and ultra-refractory (URDOC) with these 

classifications determined by their lifetime or reactivity in the water column (Hansell 2013). The 

fate and residence time of each of these DOC molecular fractions is altered by environmental 

factors such as temperature, nutrients, light, micro-heterotrophic community composition, as well 

as, the molecular structure and concentration of the DOC molecules in the ocean (Tranvik and A
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Bertilsson 2001, Carlson et al. 2004, Azam and Malfatti 2007, Letscher et al. 2015, Shen and 

Benner 2018). LDOC is readily consumed by micro-heterotrophs, such as bacteria, and 

metabolized into DIC via respiration hence it has a short lifetime (days, weeks) within the water 

column (Fig. 1; Carlson et al. 1994, 2002, Hansell 2013, Medeiros et al. 2015). Bacterial growth 

efficiencies (i.e., quantity of bacterial biomass synthesized per unit of substrate assimilated) are 

higher when grown in low molecular weight DOC as a substrate (16-66%) rather than high 

molecular weight DOC (8-39%), however specific bacterial growth rates (actual biomass increase) 

and oxygen consumption were both higher when grown in high molecular weight DOC (Amon 

and Benner 1996). This suggests that the molecular weight of molecules cannot predict the 

bioavailability of the DOC. Fractions of SRDOC, RDOC and URDOC cannot be readily 

consumed by micro-heterotrophs; instead they can be exported to the deep ocean through 

adsorption, aggregation and sinking of particles, plus wintertime water column overturn by 

vigorous wind mixing (Fig. 1; Carlson et al. 1994).

The surface and deep ocean differ in terms of DOC composition due to seasonal 

stratification and different bioavailability of molecules (Aluwihare et al. 1997, Carlson et al. 2002, 

Medeiros et al. 2015). RDOC in the ocean is found throughout the water column and can be 

circulated to the deep ocean where it can remain ‘locked’ for thousands of years (Shen and Benner 

2018). A sizeable flux of DOC from the coastal to the open ocean via currents (4.4 ± 1.0 Pg C · y-1 

to 27.0 ± 1.8 Pg C · y-1 depending on the global hydrological exchange) supports offshore 

heterotrophic activity and is an integral component of the biological carbon cycle (Kaiser and 

Benner 2012, Hansell and Carlson 2014, Barrón and Duarte 2015). Additionally, 60% of total 

biogenic carbon is transported as DOC to intermediate waters and the deep ocean where SLDOC 

and SRDOC fractions may be consumed by different micro-heterotroph populations (Anderson 

and Williams 1999, Carlson et al. 2004, Letscher et al. 2015, Shen and Benner 2018). Although 

deep ocean RDOC is resistant to microbial utilisation, once returned to the surface by upwelling it 

can be photo oxidised to a more bioavailable form (Fig. 1; Mopper et al. 1991, Tranvik and 

Bertilsson 2001, Medeiros et al. 2015, Shen and Benner 2018).  

Mechanisms of DOC release by seaweeds
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The mechanisms of DOC release, often termed exudation, are largely unknown for seaweeds but 

have been described in detail for phytoplankton (Thornton 2014). For phytoplankton, DOC release 

occurs via four mechanisms, (1) passive leakage of small molecules through the cell wall during 

all growth stages (Bjørrisen 1988), (2) exudation of larger molecules (Thornton 2014), (3) leakage 

via cell breakage due to sloppy grazing by zooplankton (Møller et al. 2003, Saba et al. 2011) and 

(4) leakage via cell lysis or senescence (Agustí and Duarte 2013). Seaweeds are thought to release 

DOC via the same four mechanisms and additionally release substantial amounts of DOC through 

leakage via tissue fragmentation and breakage caused by wave action (Fig. 2; Ramshaw et al. 2017, 

Weigel and Pfister 2020). The large influence that seaweed communities can have on the local 

DOC pool is illustrated by Pfister et al.(2019) who found 47% more DOC within a Nereocystis 

luetkeana and Macrocystis pyrifera dominated kelp bed (1.50 mg C · L-1) compared to the 

surrounding seawater (1.02 mg C · L-1). For the purpose of this review, we have defined the active 

release of DOC by seaweeds as ‘exudation’ and the passive release of DOC as ‘leakage’. There 

are currently however, no methods to distinguish between DOC released via exudation versus 

leakage by seaweeds, and we do not know if there are differences in the DOC composition 

released via passive or active mechanisms (discussed below).

Leakage is the passive release of DOC by seaweeds via diffusion through the cellular 

membrane, cell fragmentation, cell lysis and osmotic stress (Fig. 2). For phytoplankton, ~5% of 

the carbon fixed is consistently lost via leakage of small molecules through the cell membrane 

(Thornton 2014). The percent of DOC released as small molecules by seaweed has not been 

quantified. A significant amount of fixed carbon is released as DOC during fragmentation of 

seaweed blades, for example, 40-50% of carbon fixed by photosynthesis was lost as DOC via 

distal decay in Saccharina latissima (Laminaria saccharina; Johnston et al. 1977). Furthermore, 

DOC release via fragmentation accounted for the loss of 34% of the annual energy production (kJ 

[100 · g-1 dry mucilage]) of a small Laminaria pallida kelp bed, and 16-17% of an Ecklonia 

maxima kelp bed (Newell et al. 1980). In addition, cell lysis due to age or viral infection facilitates 

leakage of DOC through cell wall degradation (Nagata 2000, Weigel and Pfister 2020). Senescent 

seaweeds are therefore thought to release greater amounts of DOC compared to healthy seaweeds 

due to cell degradation and tissue decomposition (García-Robledo et al. 2008, Leclerc et al. 2013a, 

Li et al. 2018).  Desiccation and changes in salinity affect the osmotic balance of the seaweed cell 
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which is maintained by adjusting the cellular solute concentrations (discussed below), 

consequently releasing DOC across these solute gradients (Kirst 1996, Hurd et al. 2014). 

Active exudation of DOC by seaweeds via the cell membrane to the surrounding 

environment is facilitated by five mechanisms: (1) maintenance of cellular homeostasis, (2) 

chemical deterrence against herbivory, space competition and fouling organisms, (3) desiccation 

prevention, (4) photorespiration and (5) parental investement in reproduction (Fig. 2). Exudation 

of DOC by seaweeds may be a mechanism for maintaining cellular homeostasis to reduce the 

build-up of photosynthetic products (‘overflow hypothesis’, discussed below; Iñiguez et al. 2016a, 

Diaz-Pulido and Barrón 2020). The exudation of DOC may also be a protective mechanism, 

thought to act as a feeding deterrent against herbivory (Abdullah and Fredriksen 2004), a 

competitive strategy for space competition with other seaweeds and corals (McCook et al. 2001, 

Smith et al. 2006, Del Monaco et al. 2017, Gomez-Lemos and Diaz-Pulido 2017), deterrence for 

fouling organisms (Steinberg et al. 2001) and prevention against desiccation (Painter 1983, Wada 

et al. 2007, Wyatt et al. 2014a). Furthermore, seaweeds which solely acquire DIC through passive 

diffusion undergo photorespiration in which the oxygenase activity of RuBisCO competitively 

inhibits that of carboxylase, thereby metabolising glycolate and CO2 (Raven et al. 2005, Gomez 

and Huovinen 2012). In phytoplankton glycolate is released from the cell during photorespiration 

(Thornton 2014) and though the fate of glycolate in seaweed cells is unknown, exudation has been 

suggested (Iwamoto and Ikawa 1997). Exudation of DOC is also considered a parental investment, 

for example, fucoid sporophytes (Fucus and Pelvetia spp.), release gametes (eggs and sperm) in a 

polysaccharide matrix (Brawley et al. 1999). Simultaneous DOC release with gametes and 

zoospores is thought to be a UV protective mechanism and helps to concentrate gametes while 

also preventing polyspermy (Swanson and Druehl 2002, Müller et al. 2009, Muhlin et al. 2011).  

DOC release as a mechanism of regulating cellular homeostasis

The ‘overflow hypothesis’ is derived from the phytoplankton literature and suggests that DOC is 

exuded from the cell when photosynthesis is occurring faster than is required for growth (Fogg 

1984). The hypothesis describes a physiological mechanism of exudation of DOC (photosynthates) 

which acts as an overflow for products of photosynthesis which cannot be used or stored (Fogg A
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1984, Wood and Van Valen 1990, Borchard and Engel 2015). DOC is exuded in preference to 

storage when there is sufficient light for algal photosynthesis and carbohydrate production, but a 

limited availability of macro- (nitrogen, phosphorus) and micro-nutrient (iron) for synthesis of the 

cell’s structural components (Hatcher et al. 1977, Fogg 1984, Thornton 2014, Livanou et al. 2019). 

This overflow protects the algal cell from a potentially detrimental build-up of photosynthates and 

allows RuBisCO to maintain its maximum photosynthetic capacity. This mechanism of exudation 

is thus likely dependent on photosynthesis and photorespiration which are regulated by 

environmental factors such as temperature, light, nutrients, salinity and pH (Hurd et al. 2014). 

Under this hypothesis, a greater proportion of DOC is actively exuded during the day when 

photosynthesis is occurring while at night only DOC leakage would occur (Barrón et al. 2014, 

Diaz-Pulido and Barrón 2020), although the precise partitioning of active and passive release as 

influenced by light needs to be confirmed. Similar trends have been found in seaweed, with 

growth found to be inversely correlated with DOC release in the kelp, Laminaria hyperborea 

(Ochrophyta), hence, higher growth rates resulted in less DOC release (Abdullah and Fredriksen 

2004). 

Nitrogen sufficiency can also prevent the ‘switching off’ of photosynthesis in 

phytoplankton and cause DOC to be actively exuded as the storage capacity of the cell is exceeded 

(Thornton 2014). This results in an increase in DOC release during periods of high productivity 

and exponential growth, with a higher fraction of LDOC thought to be released during this period, 

when environmental conditions are non-limiting (Søndergaard et al. 2000). In contrast, larger, 

non-labile molecules were released as DOC during periods of nitrogen limitation (Søndergaard et 

al. 2000). However, similar work has not been undertaken in seaweeds and the exudation of DOC 

as a mechanism for cellular homeostasis is not currently well understood.

Composition and fate of algal DOC 

During the different processes of DOC release various molecules are released of differing sizes 

(Abdullah and Fredriksen 2004, Thornton 2014, Borchard and Engel 2015). For example in 

phytoplankton, the coccolithophore Emiliana huxleyi (Haptophyta), releases small (<10 kDa) 

carbohydrates, rich in glucose (monosaccharides), passively through the cell membrane while A
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larger, more complex polysaccharides are exported from the cell via exudation (Borchard and 

Engel 2015). Both release processes are thought to take place simultaneously within the 

coccolithophore cell (Borchard and Engel 2015). Seaweeds also release different sized DOC 

molecules. For example, during fragmentation of the seaweed blade, Wada et al.(2007) found that 

Ecklonia cava (Ochrophyta) released mucilaginous polysaccharides in the form of fucose, 

coloured dissolved organic matter (cDOM) and mannose, whilst Ecklonia maxima and Laminaria 

pallida (Ochrophyta) released DOC in the form of mannitol and alginates (Lucas et al. 1981). 

DOC released by seaweeds is composed primarily of various polysaccharides and the exact 

composition is species-specific (Khailov and Burlakova 1969, Sondergaard and Middelboe 1995, 

Barrón et al. 2014). Seaweed DOC is typically carbohydrate fractions enriched with glucose, 

galactose, mannose, xylose, rhamnose, fucose, aramnose and arabinose (Haas and Wild 2010, 

Nelson et al. 2013). However, the same species growing in different locations can release different 

compositions of DOC. For example Halimeda opuntia (Chlorophyta) exuded 77 ± 8% of all 

carbohydrates as glucose, 9 ± 4% as galactose and 6 ± 3% as mannose under ambient summer 

conditions in the Northern Red Sea (Haas et al. 2010a), while in French Polynesia it exuded 24 ± 4% 

of its DOC as glucose, 24 ± 0% as galactose and 34 ± 1% as mannose (Nelson et al. 2013). Both 

studies reported small amounts of xylose, rhamnose, fucose, aramnose and arabinose in the DOC 

released, however the main differences in polysaccharide composition indicate how varied results 

can be between locations, and that further work is required to understand what regulates seaweed 

DOC composition.

A fraction of the DOC released by seaweeds is labile and rapidly meets its fate via 

consumption by micro-heterotrophs (Wada et al. 2008, Nomaki et al. 2011, Barrón et al. 2014, 

Jones et al. 2016). Newell et al. (1980) determined that Ecklonia maxima and Laminaria pallida 

(Ochrophyta) released mannitol and alginates into the water column which were rapidly utilised 

by bacteria in the first 24 h following release. Greater DOC release rates by seaweed are correlated 

with a larger bacterial surface population (Haas et al. 2011, Pfister and Altabet 2019), especially 

during seaweed degradation (Lucas et al. 1981, Bengtsson et al. 2011). Bacterial activity can also 

enhance the release of DOC during degradation (Zhang et al. 2013). Seaweed-derived RDOC 

includes humic-like compounds, carbonates, long-chain lipids, xylans, sulphated polysaccharides 

and phenols; these are not as bio-available as the monosaccharides such as mannitol and fucose, A
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thus RDOC molecules have longer residence times in the water column (Abdullah and Fredriksen 

2004, Wada et al. 2008, Powers et al. 2019, Trevathan-Tackett et al. 2015). 

In the previous sections we introduce key concepts around what DOC is, its importance 

within the biogeochemical carbon cycle, the composition of DOC in algal exudates, the 

mechanisms by which it is released by algae and its fate according to bioavailability in the water 

column. In the next section, we build on this background by using a literature survey to extract and 

collate rates of DOC release by seaweeds globally. Using the resulting data, standardised to μmol 

C · g DW-1 · h-1, we examine rates of DOC release by seaweeds from different phyla and 

functional groups, the environmental regulation of DOC release by seaweeds and finally discuss 

how these release rates may be altered under future ocean scenarios.

Rates of DOC release by seaweeds 

Seaweed communities from the tropics to the poles act as net sources of DOC and produce 

between 0.061 pg C · y-1 (Maher and Eyre 2010) and 0.34 pg C · y-1 (Hughes et al. 2012, Barrón et 

al. 2014, Egea et al. 2020). All DOC rates reported in this review are estimates of net DOC release 

by the seaweed ‘holobiont’ (Haas et al. 2011, Nelson et al. 2013). A fraction of the DOC released 

by seaweeds is consumed by micro-heterotrophs on both the seaweed surface and in the 

surrounding seawater, hence the measured DOC is net production. Our literature search uncovered 

eight published estimates of annual fixed carbon lost through DOC release by the phylum 

Ochrophyta, Order Laminariales, whose values could not be converted to our standardised unit 

and are therefore presented separately (Table 1). The range of annual fixed carbon lost through 

DOC release is similar (13 – 35%) despite locational and life stage differences of the seaweed 

(Table 1). Dead seaweeds were also within the same range as living ones but it is important to note 

that the studies included in Table 1 use different incubation and analytical methods to determine 

DOC release by seaweeds and differences may be attributed to these alternate methods. 

Published rates of DOC release by seaweeds were extracted from the literature and 

converted to a standardised rate, μmol C · g DW-1 · h-1, to allow for comparison between studies 

(Appendix S1, S2 and S3 in the Supporting Information). Globally, rates of DOC release under 

ambient ocean conditions (ambient in terms of the species locality) have been measured for 13 

species of Chlorophyta, 22 Ochrophyta and 10 Rhodophyta. The range of DOC release rates under A
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ambient conditions was 0 – 266.44 μmol C · g DW-1 · h-1 for Chlorophyta, 0 – 89.92 μmol C · g 

DW-1 · h-1 for Ochrophyta and 0 – 41.28 μmol C · g DW-1 · h-1 for Rhodophyta (Fig. 3). 

Furthermore, the mean release rate was similar between phyla, at 36.39 μmol C · g DW-1 · h-1 for 

Chlorophyta, 20.25 μmol C · g DW-1 · h-1 for Ochrophyta and 10.25 μmol C · g DW-1 · h-1 for 

Rhodophyta, however, the number of published values of DOC release rates per phyla was 

unbalanced (Fig. 3).

When grouped using the Steneck and Dethier (1994) functional form model filamentous 

seaweeds showed the highest range of DOC release rates compared with other functional groups 

(range = 0.33-285.26 μmol C · g DW-1 · h-1, mean = 73.80 μmol C · g DW-1 · h-1, median = 21.65 

μmol C · g DW-1 ·  h-1; Fig. 4). This high rate of DOC release by filamentous seaweeds may be a 

function of their opportunistic, fast growing life strategy causing some species to release a higher 

rate of DOC due to increased carbon turnover and high surface area to volume ratio (Hurd et al. 

2014). However, the variation in DOC release rates was highly unbalanced with the number of 

published rates abundant for leathery macrophytes (n = 106) and lacking for crustose coralline 

algae (n = 2). 

The various morphological structures of seaweed release differing amounts of DOC. For 

example, Macrocystis pyrifera (Ochrophyta) blades in California, USA, released 2-3 times more 

DOC than the stipe (0.052 mg C · g DW-1 · h-1 and 0.019 mg C · g DW-1 · h-1 respectively; Reed et 

al. 2015). Once removed from the substratum, the holdfast of Ascophyllum nodosum (Ochrophyta) 

from Rhode Island, USA, released DOC primarily via breakage wounds (~1.7 – 22.2 mg C · L-1; 

Moebus and Johnson 1974). For A. nodosum, DOC release varies according to the life cycle stage; 

fertile fronds with mature receptacles released two and a half times more DOC than non-fertile 

and spent fronds (45.13 μmol C · g DW-1 · h-1 and 17.74 μmol C · g DW-1 · h-1 respectively) 

suggesting parental investment (see above) (Sieburth 1969). DOC release did not differ between 

blades and whole Nereocystis luetkeana (Ochrophyta) individuals (both recently detached) from 

Washington, USA, suggesting that single blades are a useful proxy for estimating DOC release for 

this species (Weigel and Pfister 2020). By using the standardised units of DOC release presented 

here, future studies will be able to readily compare DOC release between seaweed phyla, 

functional groups and locations, creating a thorough archive of DOC release by seaweeds around 

the world. A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Environmental regulation of DOC release 

Estimates of DOC release by seaweeds are highly variable due to regulation by a variety of 

environmental factors both within- and external to the seaweed cell (Abdullah and Fredriksen 

2004). In general, increasing environmental stress - both resource limitation and disruptive stress 

(Davison and Pearson 1996) – increase DOC release by seaweeds. These environmental factors 

include osmotic stress (salinity and desiccation), light, temperature and nutrient limitation (both 

individually and with season). Individual and cumulative environmental factors can cause 

increasing stress for seaweeds and are considered drivers of DOC fluxes from seaweed 

communities (Fig. 5). 

Within the subtidal zone, a suite of environmental drivers simultaneously change during 

the seasonal cycle including temperature, nutrient supply and irradiance. In temperate regions, 

concentrations of DOC in the upper water column increase during spring due to a nutrient-

facilitated increase in primary productivity (an increase of 5-10 μmol C · kg-1) which decreases in 

summer and autumn due to nutrient limitation and micro-heterotrophic DOC consumption 

(Carlson et al. 1994, Hansell et al. 2012). As such, seaweed DOC release rates vary seasonally 

with the most DOC produced during summer when seaweeds encounter warmer, nutrient-poor 

waters which are unfavourable for growth (Hatcher et al. 1977, Johnston et al. 1977, Wada et al. 

2007, Mahmood et al. 2017, Li et al. 2018). For example, in summer during a period of low 

growth, DOC release by the brown Laminarian seaweeds Laminaria hyperborea (Norway), 

Laminaria saccharina (Scotland) and Ecklonia cava (Japan) was greater due to reduced 

requirements for fixed carbon (Johnston et al. 1977, Abdullah and Fredriksen 2004, Wada et al. 

2007). In contrast, DOC release by Macrocystis pyrifera (California, USA) showed no clear 

seasonal pattern however it was suggested this result may have been driven by the short lifespan of 

blades during experiments at all times of the year (Reed et al. 2015). 

Osmotic Stress

Desiccation causes intertidal seaweeds to release DOC by alterations to the osmotic potential of 

the cells. During emersion at low tide, water evaporates from the seaweed cells, increasing cellular A
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electrolyte concentrations and altering cell membrane potential (Flores-Molina et al. 2014). 

Desiccation may also halt photosynthesis and cause accumulated photosynthate (DOC) to be 

released into the surrounding water (Wyatt et al. 2014a). The active release of DOC is also thought 

to act as a preventative mechanism against desiccation (Painter 1983, Wyatt et al. 2014a). Four 

studies examine the effect of desiccation on seaweed DOC release: Sieburth (1969), Moebus et al. 

(1974), Pregnall (1983) and Wyatt et al. (2014a) on a total of four seaweed species, two 

Chlorophyta (Enteromorpha prolifera in Oregon and Cladophora glomerata in Lake Michigan, 

USA) and two Ochrophyta (Ascophyllum nodosum and Fucus vesiculosus of Rhode Island, USA). 

The freshwater C. glomerata is included because the species is globally distributed in marine, 

brackish and freshwater habitats. We did not include E. prolifera in our plot (Fig. 6) because data 

were presented as ‘% of labelled C lost’ and could not be converted to our standardised unit 

(Pregnall 1983). 

The amount of DOC released by seaweeds increased with desiccation period and 

percentage of water lost (Fig. 6; Sieburth 1969, Moebus et al. 1974, Wyatt et al. 2014a). The 

percent release of DOC by Cladophora glomerata exceeded carbon fixation upon rewetting after 

half an hour of desiccation and peaked after six hours (12.18 ± 0.57 mg DOC · g DW-1 · h-1; Fig. 5; 

Wyatt et al. 2014a). Also, the composition of DOC released by C. glomerata changed with 

desiccation time – the proportion of carbohydrates to proteins decreased as desiccation increased 

(Wyatt et al. 2014a). It is important for future research on DOC release by seaweeds to be careful 

with the handling of seaweeds prior to and throughout experiments as desiccation and excess 

handing may skew the results (Fankboner and de Burgh 1977). 

Salinity is a major abiotic factor that fluctuates substantially in some marine environments 

inhabited by seaweeds including: tidal areas and rock pools, lagoons, river inlets, estuaries and 

polar regions (where they are influenced by sea ice). As with desiccation, salinity affects the 

osmotic balance of the seaweed cell which is maintained by adjusting the cellular solute 

concentrations (Kirst 1996). Two studies (Sieburth 1969 and Pregnall 1983) have examined the 

influence of salinity on the rates of DOC released by seaweeds. DOC release rate of 

Enteromorpha prolifera (Chlorophyta, OR, USA) increased with decreasing salinity (457.95 μmol 

C · g DW-1 · h-1 at salinity of 30 and 1290.59 μmol C · g DW-1 · h-1 at 5 salinity; Pregnall 1983). 

Fucus vesiculosus (Ochrophyta, RI, USA) had the opposite trend, with a decreased DOC release 

rate with decreased salinity (35.72 μmol C · g DW-1 · h-1 at 30.46 salinity and 11.18 μmol C · g A
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DW-1 · h-1at 10.15 salinity (Sieburth 1969, Pregnall 1983). Lowering the salinity of water from 30% 

to 5% did not substantially alter E. prolifera photosynthetic rates but was found to increase the 

rate of DOC leakage (Pregnall 1983). Furthermore, the introduction of light rain (synthetically 

sprinkled through an inverted funnel) to experimental treatments containing seaweed (i.e., 

reducing the salinity of the medium) stimulates DOC leakage (Sieburth 1969). Although osmotic 

stress caused by either desiccation or salinity are important drivers of DOC release, studies are few 

and lacking entirely for the phylum Rhodophyta.

Light

Light is the most important driver of seaweed growth in the marine environment as it regulates 

photosynthesis, hence DOC release by seaweed is considered highly regulated by light (Haas et al. 

2010b, Mueller et al. 2014, Weigel and Pfister 2020). However, only five studies have examined 

the influence of limiting and saturating irradiance on rates of DOC release by individual seaweed 

species: Haas et al. (2010b), Iñiguez et al. (2017), Reed et al. (2015), Powers et al. (2019) and 

Mueller et al. (2014). Saturating or ‘high’ irradiance caused greater DOC release rates compared 

to limiting irradiance for seaweeds of the phyla Chlorophyta and Ochrophyta (Fig. 7). Conversely, 

the percent DOC production by Nereocystis luetkeana (WA, USA) decreased with increasing 

irradiance (PAR; Weigel and Pfister 2020). This DOC release was observed to occur with an 

increase in carbon fixation, although the two were not directly related (Weigel and Pfister 2020).

DOC release is thought to be mediated by the rate of photosynthesis. For example, 

Macrocystis pyrifera (Ochrophyta, CA, USA), Fucus vesiculosus (Ochrophyta, RI, USA) and 

Nereocystis leutkeana (Ochrophyta, WA, USA), and a mixed assemblage of coral reef turf algae 

from the Caribbean and French Polynesia all had increased rates of DOC release during the day 

under full light when photosynthetic rates were highest (Sieburth 1969, Haas et al. 2011, Reed et 

al. 2015, Mueller et al. 2016, Weigel and Pfister 2020). The rate of DOC release by M. pyrifera 

was 80% higher at midday than at night (Reed et al. 2015), N. luetkeana released three and a half 

times more DOC during the day than at night and turf algal assemblages in the Caribbean released 

four times more DOC under full light than at reduced light (Mueller et al. 2016, Weigel and Pfister 

2020). All these results suggesting a light mediated release mechanism, thus supporting the A
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overflow hypothesis (see above). Furthermore, for a range of seaweeds from each phylum, more 

cDOM was produced in the light compared to dark (Hulatt et al. 2009). 

Nutrients

Nitrogen is the most frequently limiting macro-nutrient for seaweed growth and is considered to 

be a key driver of DOC release due to maintenance of intracellular C:N stoichiometric ratios 

(Nagata 2000, Phillips and Hurd 2003, Weigel and Pfister 2020). Carbon and nitrogen metabolism 

are closely linked in seaweed, thus increases, or decreases in concentrations of one will have 

significant impacts on the other (Turpin et al. 1990, Raven et al. 2004, Roleda and Hurd 2019). 

Under CO2 enrichment, nitrogen limitation caused an increase in DOC release by Ulva rigida 

(Chlorophyta) in Málaga, Spain, (38% of primary production released) and less DOC was released 

under simultaneous nitrogen and CO2 enrichment (14% primary production released; Gordillo et al. 

2001). DOC release by Cladophora glomerata (Chlorophyta) in Lake Michigan, USA, was 

similarly higher under severe nutrient limitation (Wyatt et al. 2014b). Further analysis of 

composition showed that DOC from treatments enriched with nitrogen and phosphorus were more 

labile than that released from the treatment enriched with nitrogen alone, indicating a role of 

nutrient stoichiometry in regulating the composition of DOC released by seaweeds (Wyatt et al. 

2014b). Further, DOC release by Nereocystis luetkeana (Ochrophyta, Washington, USA) declined 

with increasing tissue nitrogen (Weigel and Pfister 2020). Conversely, tropical turf algal 

assemblages released more DOC under nutrient enrichment (19-26 μmol C · g DW-1 · h-1) 

compared to natural seawater treatment (Mueller et al. 2016). However, this study included 

nitrogen-fixing cyanobacteria (20% of the total turf algal assemblage) and the increased DOC 

release may have been due to a decrease in the energy expenditure for nitrogen fixation resulting 

in an increase in photosynthate production. This increase of DOC release by the turf 

algal/cyanobacteria assemblage thereby supports the photosynthetic overflow as the mechanism of 

release as described above (Mueller et al. 2016). 

TemperatureA
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To date, no studies have examined the influence of temperature alone (either sub-optimal or supra-

optimal) on DOC release by seaweeds. As temperature regulates all metabolic processes in 

seaweeds, this represents a major knowledge gap for understanding the environmental regulation 

of DOC release. This is particularly important if we are to predict how DOC release by seaweeds 

may change in a future ocean, that is rapidly warming. 

DOC release under future ocean conditions

Multiple physical, chemical, and biological factors may have a cumulative influence on seaweed 

distributions and physiology under projected future ocean global change (Diaz-Pulido et al. 2007, 

Harley et al. 2012). Changing environmental drivers of the coastal oceans include acidification 

(Koch et al. 2013, Fernández et al. 2015, Cornwall and Hurd 2019), increasing seawater surface 

temperatures and marine heatwaves (Wernberg et al. 2016, Britton et al. 2020), increased nitrogen 

concentrations due to agricultural runoff and aquaculture practices (Harley et al. 2012, Roleda and 

Hurd 2019), decreased nutrient concentrations due to altered current flows (Johnson et al. 2011), 

reduced light due to turbidity and pollution and/or increased light due to canopy loss (Desmond et 

al. 2015), and decreasing salinity due to ice melt in sub-polar and polar regions (Meredith et al. 

2019). Consequently, these changing environmental drivers are expected to have large impacts on 

ecosystem functioning and biogeochemistry, including DOC cycling (Lønborg et al. 2020). In this 

section, we discuss future ocean scenarios of ocean acidification/increased DIC concentrations in 

combination with concurrent alteration of nutrient supply, light climate and temperature. 

The world’s oceans have absorbed ~40% of anthropogenic CO2 emissions since the 

industrial revolution causing the pH of the oceans to decline by 0.1 units (IPCC 2013). By the year 

2100, seawater pH is projected to decline by a further 0.3 units (i.e., a 100% increase in H+), along 

with a 200% increase is dissolved CO2 and 14% increase in bicarbonate (HCO3
-; IPCC 2013). All 

seaweeds take up CO2 and some solely use CO2 (CO2-only users or non-CCMs), however, HCO3
- 

is the dominant DIC species in the marine environment and most seaweeds use carbon 

concentrating mechanisms (CCMs) to take it up (Axelsson et al. 2000). Ocean acidification is 

projected to alter seaweed DIC uptake rates and growth; effects may be positive, negative or 

neutral depending on the species’ requirements for inorganic carbon (i.e., if their growth is limited A
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by DIC or not) and their sensitivity to elevated H+ concentration (van der Loos et al. 2019). Any 

future changes in the DIC physiology of seaweeds due to ocean acidification are also likely alter 

the release rates of DOC. 

It is hypothesised for macro- and microalgae that under elevated DIC concentrations, 

carbon fixation will increase and photosynthetic overflow will be enhanced if algae are limited by 

the availability of other nutrients and light (Riebesell 2004, Thornton 2014, Iñiguez et al. 2016a, 

Diaz-Pulido and Barrón 2020). In response to elevated CO2 concentrations under ocean 

acidification, seaweeds may show enhanced photosynthetic carbon overflow by which DOC is 

released as an effective mechanism maintaining the intracellular C:N balance (see above; Gordillo 

et al. 2001). This photosynthetic carbon overflow may be enhanced by nitrogen limitation because 

when Ulva rigida (Chlorophyta) was replete for both CO2 and nitrogen, DOC release was halved 

(Gordillo et al. 2001). On the Great Barrier Reef, Australia, DOC release by Amansia glomerata 

(Rhodophyta), Sargassum sp. (Ochrophyta), Chlorodesmis fastigiata (Chlorophyta) and 

Lobophora cf. variegata (Ochrophyta), was examined at ambient and high CO2 concentrations, 

during the day and at night (Diaz-Pulido and Barrón 2020). During the day, DOC release by A. 

glomerata was 15 times higher under elevated CO2 compared to ambient CO2, suggesting 

photosynthetic overflow (Diaz-Pulido and Barrón 2020) but there was no difference between DOC 

release rates for the other species. During the night however, DOC was greater under high CO2 for 

three species, A. glomerata, Sargassum sp. and L. variegata (Diaz-Pulido and Barrón 2020). 

Overall, seawater CO2 enrichment enhanced the daily net DOC release of all species studied 

except C. fastigiata suggesting that during periods of rapid growth, the organic carbon produced 

photosynthetically in the day was stored in the seaweed tissue and subsequently released as DOC 

during the night (Diaz-Pulido and Barrón 2020). The net production of DOC by seaweeds under 

ocean acidification conditions additionally supports the carbon overflow hypothesis (Iñiguez et al. 

2016a). 

An ocean acidification experiment in the Artic found that despite DOC release rates 

increasing for both Desmarestia aculeata and Alaria esculenta (Ochrophyta) under CO2 

enrichment, the growth rate of Arctic D. aculeata (Ochrophyta) was negatively affected, while that 

of A. esculenta was positively influenced by CO2 enrichment (Iñiguez et al. 2016a). The 

differences in growth rates were considered a response of species-specific re-organisation of the 

cellular carbon budget – D. aculeata showed enhanced respiration and an increased accumulation A
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of storage biomolecules compared to A. esculenta which showed decreased respiration and a lower 

accumulation of storage biomolecules (Iñiguez et al. 2016a). In subsequent multiple driver 

experiments, Iniguez et al.included temperature and irradiance treatments to ocean acidification, 

and found no significant differences in growth nor DOC release between either CO2 treatment 

(ambient, 380 ppm or high, 1000 ppm) for Desmarestia aculeata, Alaria esculenta, Laminaria 

solidungula and Saccharina latissima (Ochrophyta). Instead, DOC was released under photo-

inhibitive stress caused by high irradiance (ambient, 65 μmol photons · m-2 · s-1 and high, 145 

μmol photons · m-2 · s-1; Iñiguez et al. 2017) and high temperatures (ambient, 4°C and high, 9°C; 

Iñiguez et al. 2016b) again suggesting a re-organisation of the cellular carbon budget and 

resilience to elevated CO2 concentrations in a future ocean. 

DOC and seaweed carbon sequestration 

For the purpose of this review, we define ‘carbon storage’ as the organic carbon stored in living 

seaweed tissue over its lifetime (e.g., starch and tissue biomass) and ‘long-term carbon storage’ 

where ‘dead’ or non-living seaweed-derived organic carbon (i.e., DOC, POC) is stored for longer 

periods of time (years, thousands of years) in sediments or the deep ocean (RDOC). ‘Carbon 

sequestration’ is defined as the removal and long-term storage of atmospheric CO2 for timescales 

of centuries (Herzog and Golomb 2004, Bach et al. 2021). For seaweeds to effectively contribute 

to long-term carbon storage, they must be able to accumulate fixed organic carbon directly within 

their own ecosystem (as living carbon biomass, months to years) or transport offshore the non-

living DOC and POC to other regions (for example into deeper waters and eventually into the deep 

ocean, decades to centuries) where the organic carbon can be stored via settling to the abyss, and 

where remineralisation through heterotrophic consumption is minimised (Hill et al. 2015). 

To transition from long-term carbon storage to sequestration requires an influx of 

atmospheric CO2 into the ocean to re-equilibrate (i.e., balance) the carbon fixed and stored by 

seaweeds or transported into the deep sea. Therefore seaweed beds or forests that are growing in 

steady-state, and the seawater surrounding them in equilibrium with the atmosphere over a 

timescale of months to years, is a form of carbon sequestration (Carlson et al. 1994). To determine 

the net CO2 removal by seaweed requires quantification of the influx of CO2 after fixation and A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

storage by seaweed to cause a CO2 deficit in the surface layer (Orr and Sarmiento 1992, Bach et al. 

2021). Previous estimates of seaweed ‘carbon sequestration’ have focussed on the downward 

export of POC and DOC below the mixed layer (Dierssen et al. 2009, Chung et al. 2011, 2013, 

Krause-Jensen and Duarte 2016, Krause-Jensen et al. 2018, Macreadie et al. 2019, Pedersen et al. 

2020). For example, Krause-Jensen and Duarte (2016) estimated that DOC export to below the 

mixed layer accounted for 117 tg C · y-1; making up 67% of the total ‘seaweed carbon 

sequestration potential’. However, whether this transport of DOC below the surface layer results 

in increased CO2 draw-down and thus carbon sequestration is unknown. The timescales of re-

equilibrium of atmospheric CO2 with seawater after carbon fixation by seaweeds is of the order of 

months to years and more work is needed to determine if the time scale of export of DOC and re-

equilibrium result in sequestration or re-release of CO2 into the atmosphere (Orr and Sarmiento 

1992, Bach et al. 2021). The need to consider these additional atmosphere-ocean interactions must 

be resolved before the incorporation of DOC release by seaweeds within global carbon 

sequestration budgets. 

LDOC released by seaweeds is remineralised to CO2 which has interactive impacts on the 

marine food web and reduces the potential for seaweeds as effective vectors for long term carbon 

storage (Hill et al. 2015). For example, García-Robledo et al. (2008) found that a proportion of the 

DOC exuded by seaweeds into the water column was incorporated into nearby sediments however, 

respiration of the labile fraction of this DOC (primarily by cyanobacteria) increased CO2 

concentrations and reduced oxygen concentrations in both the water column and sediments. Kelp 

derived export of organic carbon is evident in nearby reef sediments (Abdullah et al. 2017), 

however, up to 80% of kelp derived organic matter may be transported laterally from coastal 

ocean (Krumhansl and Scheibling 2012). Therefore, there is a large range around the estimated 

contribution of seaweed to long term carbon pools (range: 61 – 268 tg C · y-1) and it’s difficult to 

quantify what proportion of seaweed carbon fixation is incorporated into the deep ocean and 

sediments (Filbee-Dexter and Wernberg 2020). 

A fraction of seaweed DOC is non-labile (i.e., SLDOC, SRDOC or RDOC; Wada et al. 

2008, Hill et al. 2015, Trevathan-Tackett et al. 2015), however due to all the uncertainties 

explained throughout this review in regards to mechanisms, rates and molecular composition it is 

unclear whether seaweed-derived DOC will increase the refractory pool in the ocean, enabling 

further draw-down of CO2 and thus contribute to carbon sequestration. Watanabe et al. (2020) A
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found that 56–78% of the DOC released by Sargassum horneri of Heigun Island, Japan, was non-

labile and persisted for 150 d in a degradation experiment. This non-labile DOC is relatively 

resistant to biological break-down in the surface ocean and a fraction of it may join the deep ocean 

carbon pool which is estimated to be 4,000–6,000 years old (Hughes et al. 2012, Krause-Jensen 

and Duarte 2016, Pedersen et al. 2020). The recalcitrance of seaweed DOC is variable and 

depends on the seaweed species and environmental conditions (Wada et al. 2008). Understanding 

the partitioning of the DOC released (i.e., LDOC, SLDOC, SRDOC, RDOC) by seaweeds, its 

bioavailability and the subsequent fate of this carbon in the ocean is important for oceanic carbon 

modelling, blue carbon strategies and assessing the implications of seaweed farming on local, and 

global marine environments.  

Summary and future directions

DOC release by seaweeds is an understudied component of the coastal, ocean’s carbon cycle. This 

review converted values found in the published literature to the same unit (μmol C · g DW-1 · h-1) 

allowing comparisons between release rates across spatial scales, between seaweed phyla and 

functional groups. The release of DOC is an aspect of seaweed carbon physiology which requires 

further research to (1) underpin mechanisms (i.e., active vs. passive release) and the associated 

energetic costs plus differences in release rates between seaweed species in relation with carbon 

acquisition mechanisms, (2) elucidate the composition, bioavailability and recalcitrance of 

seaweed-derived DOC, (3) understand the environmental regulation of DOC release and (4) 

hypothesise how release rates may be altered by future ocean conditions (i.e. ocean acidification, 

warming and freshening). Further research on DOC release rates by seaweed phyla and functional 

groups is required to ensure models accurately represent carbon flows within, around and from 

seaweed-based ecosystems. 
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Table 1. Percentage of annual fixed carbon lost through dissolved organic carbon release (DOC) 

by seaweeds of the Order Laminariales from different geographical locations. The part of the 

seaweed used, in the study; seaweed age and season are noted. 

Species Location Part of 

seaweed

Seaweed 

age

Season Annual fixed 

carbon lost (%)

Reference

Laminaria 

hyperborea

Norway Whole plant Juvenile Annual 26 Abdullah and 

Fredriksen 2004

Laminaria 

longicruris

Nova Scotia Whole plant - Annual 35 Hatcher et al. 1977

Laminaria 

saccharina

Scotland Blade Mature Autumn 30 Johnston et al. 

1977

Laminaria 

saccharina

Scotland Blade Mature Annual 13 Johnston et al. 

1977

Ecklonia 

maxima

Cape town, 

South Africa

Fragment Dead Autumn 34 Newell et al. 1980

Laminaria 

pallida

Cape town, 

South Africa

Fragment Dead Autumn 16-17 Newell et al. 1980

Macrocystis 

pyrifera

California, USA Blade Mature Summer ~14 Reed et al. 2015

Nereocystis 

luetkeana

Washington, 

USA

Whole plant Mature Annual 16 Weigel and Pfister 

2020
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Figure 1. Sources, sinks and cycling of dissolved organic carbon (DOC) in the ocean between 

inshore and offshore ecosystems, based on Jiao et al. (2010) and Zhang et al. (2017). DOC is 

produced in the euphotic zone (0-100 m) via photosynthesis and subsequent food web interactions. 

It is either metabolised via secondary production and returned to the water column as DIC (LDOC) 

or transported via currents and water column overturn to the sediments. RDOC can be returned to 

the surface ocean through upwelling where it can be photo oxidised into SRDOC, SLDOC and 

LDOC. 

Figure 2: Putative mechanisms regulating leakage and exudation of DOC by seaweeds. Any 

combination of these mechanisms may occur simultaneously and are altered by both internal 

(cellular) and external (environmental) drivers. The cumulative effect of these mechanisms driving 

DOC release control the total amount of DOC released by the seaweed. Figure based on Thornton 

(2014). 

Figure 3. DOC release rates (μmol C · g DW-1 · h-1) from each seaweed phyla under ambient 

ocean conditions for each species location. The plot depicts the 95% confidence intervals (error 

bars), the first quartile and third quartile (box edges) and median (bold black line). Circles indicate 

points of high DOC release rates above the 95% confidence intervals (graph data in Appendix S1, 

S2 and S3). 

Figure 4. DOC release rates (μmol C · g DW-1 · h-1) from seven seaweed functional group under 

ambient ocean conditions for each species location. Functional groups are based on Steneck and 

Dethier (1994): ACA, articulated crustose algae; CA, crustose coralline algae; CFA, corticated 

foliose algae; CM; corticated macrophyte; FA, foliose algae; FIL, filamentous algae and LM, 

leathery macrophyte. The plot depicts the highest and lowest release rates (error bars), the first 

quartile and third quartile (box edges) and median (bold black line). Circles indicate outlier points 

of high DOC release rates (graph data in Appendix S1, S2 and S3). Drawings are from Steneck and 

Dethier (1994).A
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Figure 5. Depiction of seaweeds releasing DOC under increasing stress due to cumulative 

environmental factors. These environmental factors include: temperature, irradiance, pH, salinity, 

desiccation, and nutrient limitation. All seaweed phyla release DOC under ambient conditions, 

however, more DOC is released under increasing environmental stress and is highlighted by the 

darkening release clouds. Figure based on Fernández et al. (2020).

Figure 6: DOC released (μmol C · g DW-1 · h-1) after different periods of desiccation (hrs) by (a), 

Ascophyllum nodosum, (b) Fucus vesiculosus and (c) Cladophora glomerata. (d) DOC released as 

a function of % water loss by Ascophyllum nodosum (dark grey) and (b) Fucus vesiculosus (light 

grey). DOC release experiments were conducted during spring/summer, under ambient light, 

temperature, and salinity (Sieburth 1969, Moebus et al. 1974, Wyatt et al. 2014a). 

Figure 7. DOC release (μmol C · g DW-1 · h-1) by, (a) Caulerpa serrulata (stars), Cladophora 

glomerata (circles), Lobophora variegata (grey pentagons) and Dictyota menstrualis (squares), (b) 

Macrocystis pyrifera and (c) Sargassum natans under a range of irradiances. DOC release 

experiments were conducted under ambient temperature and salinity (Haas et al. 2010b, Mueller et 

al. 2014, Reed et al. 2015, Powers et al. 2019).

Appendix S1. Summary rates of dissolved organic carbon (DOC) release for seaweed species from 

the phylum Ochrophyta under species’ ambient local environmental conditions. Rates 

standardized to μmol C · g DW-1 · h-1 from reported values.

Appendix S2. Summary rates of dissolved organic carbon (DOC) release for seaweed species from 

the phylum Chlorophyta under species’ ambient local environmental conditions. Rates 

standardized to μmol C · g DW-1 · h-1 from reported values.A
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Appendix S3. Summary rates of dissolved organic carbon (DOC) release for seaweed species from 

the phylum Rhodophyta under species’ ambient local environmental conditions. Rates 

standardized to μmol C · g DW-1 · h-1 from reported values. 
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