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consequence, the macromolecular and elemental composition of macroalgae can influence higher trophic
levels and biogeochemical cycles in aquatic ecosystems (Dooley 1972, Hawkins and Hartnoll 1983,
Lapointe 1986, Duarte 2017). The macromolecular
content of macroalgae reflects their own nutritional
requirements and physiological capacity to respond
to environmental conditions and indicates their
nutritional value for grazers. For instance, species
with a high protein content tend to have lower carbon to nitrogen ratios and higher nitrogen to phosphorus ratios than species with a lower protein
composition and this can influence competition for
resources between species (Tilman et al. 1982, Sterner and Hessen 1994, Lynn et al. 2000).
The macromolecular composition of macroalgae is
of interest to humans, who use macroalgae for aquaculture feed (Nayar and Bott 2014), food products
(Fleurence et al. 1999, Nayar and Bott 2014, FAO
2016), phycocolloid extracts (principally alginate,
agar, and carrageenan, which are used as thickening
agents; FAO 2016), iodine extraction (FAO 2016,
Wells et al. 2017), and possible biomedical and biofuel development (Gosch et al. 2012, Neveux et al.
2014, Deniaud-Bou€et et al. 2017). The macromolecular composition of a specific macroalgae species can
be used as an indicator of how useful they are to certain applications. For example, the high-protein species Porphyra tenera (nori) and Palmaria palmata
(dulse) are commonly used as food sources due to
their nutritive value (Mabeau and Fleurence 1993).
High-lipid species are being studied for biofuel development (Gosch et al. 2012), and high-phycocolloid
species such as Kappaphycus, Eucheuma, and Gracilaria
are used to extract phycocolloids, which are a component of the carbohydrate pool (Ito and Hori 1989).
The elemental and macromolecular composition of
seaweeds could influence the efficiency of specific
seaweeds for coculture with finfish and shrimp aquaculture (Chopin et al. 2001) or for coastal CO2
sequestration (Chung et al. 2017).

The macromolecular composition of macroalgae
influences nutrient flow and food quality in aquatic
ecosystems and the value of macroalgae species for
human consumption, aquaculture, biofuels, and
other applications. We used literature data (125
publications, 1,117 observations) and a hierarchal
Bayesian statistical model to estimate the average
macromolecular composition, protein, lipid, and
carbohydrate of macroalgae as a whole and at the
phylum level. Our focus was on marine, noncalcified
macroalgae sampled from wild-grown populations in
the field. We found that the median macromolecular
composition is 9.98% protein, 2.7% lipid, 48.5%
carbohydrate, and 31.8% ash as percent dry weight.
We compared the median macromolecular content
of macroalgae to microalgae and herbaceous plants
and test for differences in macromolecular content
across macroalgal phyla. Macroalgae were much
more enriched in carbohydrate and minerals than the
microalgae and lower in protein and lipid than many
herbaceous plants. Rhodophyte macroalgae have
significantly less lipid and more protein and the
Ochrophyte macroalgae have significantly less
protein than the average.
Key index words: ash; carbohydrates; Chlorophyta;
lipids; macroalgae; Ochrophyta; protein; Rhodophyta
Abbreviations: DW, dry weight
Macroalgae are found on coastlines from the Arctic
to the Antarctic (Coyer 2007) and cover ~1.4 to
6.8 9 106 km2 (Duarte 2017). Macroalgae can be both
abundant and productive (Smith 1981, Duarte and
Cebrian 1996, Duarte and Chisnaco 1999). As a
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Despite the wide interest in the macromolecular
composition of macroalgae and observed variance
among taxa, the average macromolecular composition of macroalgae and the differences across the
major evolutionary lineages are not well quantified.
Classic reviews on the macromolecular content of
macroalgae (Ito and Hori 1989, Darcy-Vrillon 1993,
Mabeau and Fleurence 1993, Fleurence et al. 1999)
have provided estimates of the broad ranges of values (see Table 1) but did not provide a measure of
central tendency or variance on macromolecular
content. This makes it difficult to identify macroalgae phyla or species or measurements with anomalous macromolecular content. The three macroalgal
phyla have different characteristic carbohydrates in
their cell walls: ulvan in some members of the
Chlorophtya; carrageenan and agar in the Rhodophyta; and alginate and sulfated polysaccharides
with fucose in the Ochrophyta (Deniaud-Bou€et
et al. 2017), and different characteristic storage
compounds, for example, isofloridoside in Rhodophyta, and mannitol and laminaran in Ochrophyta
(Ito and Hori 1989, Wells et al. 2017). A recent
meta-analysis quantified statistically significant differences in protein content across macroalgal phyla
(Angell et al. 2015, 2016), but lipid and carbohydrate analyses have yet to be determined. In aggregate, protein, lipid, and carbohydrate content
accounts for the majority of organic C and N and,
therefore, provides a functional basis for understanding macroalgal C to N ratios.
Researchers have been conducting regional surveys on the macromolecular composition of macroalgae
to find species with especially high-protein, -lipid,

or -carbohydrate content for use in industry, aquaculture, biofuel development, or other applications,
so the literature on macroalgae macromolecular
content is plentiful (Jayasankar et al. 1990, Heiba
et al. 1997, McDermid and Stuercke 2003, Banerjee
~ ez
et al. 2009, Manivannan et al. 2009, G
omez-Ord
on
et al. 2010, Biancarosa et al. 2017). Here, we compiled and analyzed a database of protein, lipid, carbohydrate, and ash (mineral) content in
macroalgae to quantify the median macromolecular
composition and C:N of macroalgae. We contrasted
the median macromolecular composition of macroalgae with microalgae and herbaceous plants and
quantify differences in the macromolecular composition across the three macroalgae phyla. Quantifying the macromolecular composition and C:N of
macroalgae and the differences across phyla could
improve our understanding of the influence
macroalgae have on the biogeochemistry of aquatic
ecosystems.
METHODS

Macroalgae macromolecular database. We assessed the protein, lipid, and carbohydrate content of macroalgae by analyzing data collected from the literature. Macromolecular data
as percent dry weight (% DW) were gathered from the text,
tables, and figures of 125 publications. These papers were
published between 1931 and 2016 and were identified using
Google Scholar Search between August 2015 to July 2016
using the following search terms: seaweed, macroalgae,
Chlorophyta, Rhodophyta, Ochrophyta, green seaweeds, red
seaweeds, brown seaweeds, macromolecular composition, biochemical composition, chemical composition, protein, fats,
lipids, carbohydrates, fibre, nutritional value, nutritional composition, and calorie content. Data were extracted from

TABLE 1. Median macromolecular composition as percent dry weight across all macroalgae phyla in the current study and
reviews by Ito and Hori (1989), Mabeau and Fleurence (1993), and Darcy-Vrillon (1993), as well as the median macromolecular composition of microalgae in active growth from Finkel et al. (2016), and the macromolecular composition of
some herbs and leaves summarized by Finkel et al. (2016). The top value is the median, the middle values in parentheses
represent the 95% credible interval on the median, and the bottom value is the number of experimental observations (n).
The range and calculated median is given for Ito and Hori (1989), Mabeau and Fleurence (1993), and Darcy-Vrillon
(1993) because that is what was provided. The carbohydrate values from Mabeau and Fleurence (1993) represent the fiber
fraction of carbohydrates in macroalgae.
Macromolecule

Protein
Median
95% CI
n
Lipid
Median
95% CI
n
Carbohydrate
Median
95% CI
n
Ash
Median
95% CI
n
a

Current study

Ito and Hori (1989)

9.98
(9.3, 10.6)
827

20
5–35

2.7
(2.5, 3.0)
406

2.0
0.2–3.8

48.5
(44.1, 52.6)
92

54.5
35–74

31.8
(29.7, 33.8)
491

30
10–50

Mabeau and Fleurence (1993)

17.5
5–30
2
1–3
44
33–55

Darcy-Vrillon (1993)a

19.5
3–36
1.8
0.1–3.5
54.5
38–71
21
6–36

Data summarized by Darcy-Vrillon (1993) from Sautier (1987) and Sautier (1990).
Data from Finkel et al. (2016).

b

Microalgaeb

Herbs and leavesb

32.2
(30.4, 34.0)
317

27.3

17.3
(16.2, 18.2)
375

5.1

15.0
(13.7, 16.5)
308
17.3
(15.4, 18.7)
185

11

11
56.3
11

1363

MACROALGAL MACROMOLECULES

figures using Image J (https://imagej.nih.gov/ij/). The current taxonomic status of all species documented was determined using AlgaeBase (http://www.algaebase.org/). Note
that the nori species Porphyra tenera and Porphyra yezoensis were
reclassified in 2011 into Pyropia (Sutherland et al. 2011), but
we could not reclassify Porphyra sp. in the database due to
insufficient data. Along with the macromolecular composition
data, the method used to estimate macromolecular content
and dry the samples was extracted and recorded. Only
macroalgae samples that were collected in the field were
included in the database, since laboratory-grown samples are
often exposed to conditions that can alter their macromolecular composition (Bird 1984, Shpigel et al. 1999, Viera et al.
2005, Angell et al. 2014).
This macroalgal macromolecular database is available
online at figshare (Fiset 2016), and includes references to the
articles used to create it. This database is composed of a total
of 1,054 observations for protein, 796 for lipids, and 917 for
carbohydrates from 364 species gathered from 125 publications. Widely distributed macroalgae species and those of
commercial interest, either as food sources or for their chemical properties, are overrepresented in the database. The
most commonly occurring species in the database are Ulva
lactuca (n = 58), Palmaria palmata (n = 45), and Gracilaria corticata (n = 21). The highly calcified genera Halimeda, Amphiroa, Lithothamnion, and Calliarthron were excluded from all
analyses of macroalgal macromolecular composition because
their calcium content significantly reduces their macromolecular content as % DW (Steneck and Martone 2007). Observations of these species relative to less and noncalcified species
using different methods will affect estimates of median
macromolecular composition as % DW.
Different biochemical and drying methods can bias estimates of macromolecular content as % DW. A full analysis of
the methodological biases present in the database is documented in Fiset et al. (2017). Based on this analysis, we
included protein observations based on measurements of
nitrogen (converted to protein following Lourencßo et al.
2002), amino acids, and colorimetric protein assays. Protein
observations were excluded if they had been sun dried or
were dried by blotting. Our database is complementary to the
protein data compiled by Angell et al. (2016), with about
30% of the data in common. We included lipid observations
that used oven and freeze drying and either the Folch et al.
(1957) or Bligh and Dyer (1959) extraction methods, but
excluded lipid observations generated using the AOAC
method or if the methods used were not clearly identified. In
addition, observations of lipid from four publications (Heiba
1990, Jayasankar 1993, Kaliaperumal et al. 1994, Gokulakrishnan et al. 2015) were removed from the data set prior to
analyses due to consistently anomalously high values. For carbohydrate, observations generated using the By Difference
method and freeze-dried or dried at room temperature were
included in the analysis. In summary, we analyzed 827, 406,
58, and 491, protein, lipid, carbohydrate, and ash observations, respectively.
Bayesian analyses. To determine the median macromolecular composition of macroalgae, the macromolecular composition as % DW was computed using a hierarchical Bayesian
model. We expressed each quantity as a sum of random variables for each species, phylum, and an overall mean as
y i ¼ l þ P p½i þ S s½i þ e i
where yi are the observations, l is the overall mean, Pj and Sj
are the estimated means for each phylum and species, respectively, p[i] and s[i] are the phylum and species associated with
observation i, respectively, and ei is the residual error

associated with each observation i. The estimates l, Pj, and Sj
were described by a normal distribution, and three distinct
uninformative hierarchal priors were used for the variances
of the species means, phylum means, and the residual error.
All analyses were performed using R and Stan (R Core Team
2017, Stan Development Team 2018). The use of the hierarchical model leads to smaller variances than would be
obtained using a classical regression, since it partially pools
the data across taxonomic levels and allows for sharing of
sampling strength across taxa. The overall mean of protein,
lipid, and carbohydrate content was calculated from the phylum means weighted by their inverse variances following Finkel et al. (2016). We report the posterior median of the
overall mean and the phylum means. We choose to report
the median as a measure of central tendency of macromolecular content because it is less sensitive to a skewed distribution than the mean.
We also investigated the average macromolecular ratios
(protein:lipid, protein:carbohydrate, lipid:carbohydrate; wt:
wt) and C:N ratios (mol:mol) as estimated from the macromolecular composition of macroalgae. Ideally, all ratios
would have been computed using the Bayesian hierarchal
model described above with paired data in which each observation reported values for two or more macromolecules. This
would account for how macromolecular composition varies
within individual species. However, with the exception of the
protein:lipid ratio (n = 387), the majority of our sample sizes
for paired data were very limited (protein:carbohydrate,
n = 58; lipid:carbohydrate, n = 10; C:N, n = 10). Sample sizes
at the phylum level were as low as one observation for certain
ratios, and so instead the ratios were calculated using the posterior distributions generated by the model described above.
The macromolecular ratios were calculated by dividing the
posterior distributions of the macromolecular content. The
C:N ratios were calculated using the chemical compositions
of the macromolecules as described by Geider and La Roche
(2002) and the percent contributions of protein, lipid, and
carbohydrate to macroalgae dry weight from their posterior
distributions. The grand mean for macroalgae for each ratio
was calculated as the mean of the phylum means weighted by
their inverse variances. There was a sufficiently large sample
size (n = 387) to compare the protein:lipid ratio calculated
using the posterior distributions with the estimate using
paired data. The percent differences ranged from 0.0 to 17%
at the phylum level and the grand median in macroalgae
(see Table S1 in the Supporting Information).
To test for differences in macromolecular composition
across phyla, we constructed 95% credible intervals of the differences between phyla using their posterior distributions.
The posterior distributions were generated from 2,000 iterations on four chains using RStan, where only the last 1,000
iterations were used (Stan Development Team 2018). We
interpreted phylum-level medians as different if the 95%
credible interval of their difference did not include zero.
RESULTS

Median macromolecular composition of macroalgae. The
median macromolecular composition of macroalgae
as % DW was 9.98% protein, 2.7% lipid, 48.5% carbohydrate, and 31.8% ash (Table 1). For context to
previous work and other herbaceous photosynthetic
organisms, we compared these results to ranges
reported in previous studies on macroalgae, as well
as the average macromolecular content of microalgae and selected herbs and leaves (Table 1). Note
that the same statistical technique was used to
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estimate median macromolecular composition for
the microalgae but there are differences in the
dominant biochemical methods used to estimate
macromolecular composition across these data sets.
Phylum-level differences. Phylum-level differences in
macromolecular and ash compositions were observed
for macroalgae (Fig. 1). The Ochrophyta are lower
in protein than the Chlorophyta and Rhodophyta,
as well as the grand median for macroalgae. The
Rhodophyta are lower in lipid content than the
Chlorophyta and the grand median for macroalgae,
and may be lower in lipid content than the Ochrophyta (Fig. 1). No differences in total carbohydrate
content or ash were observed between phyla or the
grand median.
The macromolecular and C:N ratios of macroalgae also varied according to phylum and reflect the
differences observed in the median macromolecular
composition (Fig. 2). The Ochrophyta had significantly lower protein:carbohydrate ratios and higher
C:N ratios than the other phyla and the average in
macroalgae (Fig. 2). No statistical differences were
observed in the protein:lipid ratios or the lipid:carbohydrate ratios.

hundreds of observations of protein, lipid, carbohydrate, and ash content from more than 100 publications going back to 1931 (Fiset et al. 2017). We use
these data to compute the median macromolecular
composition of macroalgae from the field, to compare the macromolecular content of macroalgae to
microalgae and herbaceous plants, and to test for
differences in macromolecular content and C:N
across macroalgal phyla. This work complements
and extends the recent meta-analysis of protein content in macroalgae conducted by Angell et al.
(2016).
The median macromolecular composition of
macroalgae collected from the field was 9.98% protein, 2.7% lipid, 48.5% carbohydrate, and 31.8% ash
(Table 1; Fig. 1). Despite representing data from a
diverse variety of species from the field exposed to
different environmental conditions, the variation in
macromolecular content, estimated as the width of
the 95% credible interval relative to the median, was
less than 20%. On average, the four major macromolecules accounted for 93% of total dry weight.
Most of the unaccounted for mass was likely residual
moisture, nucleic acids, and pigments. Between 5
and 10% of dry weight can be attributed to moisture
even after drying (Wong and Cheung 2000, Marinho-Soriano et al. 2007, Khan and Qari 2012,
Rohani-Ghadikolaei et al. 2012, Rodrigues et al.
2015). DNA, RNA, and pigments typically account
for less than 5% DW in macroalgae (Ordu~
na-Rojas
et al. 2002, McDermid and Stuercke 2003, Hong
et al. 2007, Rao et al. 2007, Ganesan et al. 2014,
Vilg et al. 2015). In summary our new estimates of
median macromolecular composition fell within the
ranges reported in the classic reviews (Table 1);
median carbohydrate was in the bounds of the large
range of values previously reported, but median protein was lower, and median lipid was higher than the
midpoint of these ranges. The estimates of median

DISCUSSION

Macroalgal macromolecular data have been gathered from sites around the world over many decades
to better understand the physiology, ecology, and
biotechnological potential of individual species and
assemblages from different regions. A series of
review papers by Ito and Hori (1989), Darcy-Vrillon
(1993), and Mabeau and Fleurence (1993) summarized knowledge, as of the early 1990s, of seaweed
macromolecular content and provided estimates for
the range of protein, lipid, and carbohydrate content in macroalgae as percent dry weight (% DW).
Here, we quantitatively analyze our compilation of
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FIG. 1. Median and 95% credible interval of the median macromolecular composition of macroalgae as percent dry weight according
to phylum. The gray bars represent the 95% credible interval about the overall distribution of each macromolecule and ash in macroalgae. Sample sizes for protein estimates for the Rhodophyta, Ochrophyta, and Chlorophyta are 366, 214, and 247, respectively. In the same
order of phyla, sample sizes for lipid measurements are 182, 87, and 137, and sample sizes for carbohydrate estimates are 20, 21, and 17,
and sample sizes for ash measurements are 230, 153, and 108.
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FIG. 2. Median macromolecular and elemental ratios of macroalgae as percent dry weight according to phylum. The C:N ratio refers
the molar ratio of carbon to nitrogen. The gray bars represent the 95% credible intervals on the median of the overall distribution of
each ratio for macroalgae. The macromolecular and elemental ratios are based on the posterior distributions of the macromolecular data
generated from the hierarchical Bayesian analysis reported in Table S1.

protein content computed by Angell et al. (2016)
varied with the biochemical method used from
7.78% DW when protein extraction methods are
used, 11.6% when total amino acids are used, to
16.6% when using total nitrogen content and a protein conversion factor of 6.25. Our estimate of median protein (9.98% DW), which excludes sun-dried
and blotted samples, overlaps the 95% confidence
intervals for all methods used to estimate protein by
Angell et al. (2016) and is in best agreement with
the preferred method of total amino acid content.
The macromolecular composition of macroalgae
differs from herbaceous plants and microalgae.
Macroalgae are predominantly composed of carbohydrate and minerals (represented by ash content;
Table 1). The higher carbohydrate and mineral
content of macroalgae provides structural support
for upward growth and resistance to a variety of biotic and abiotic stressors (Deniaud-Bou€
et et al. 2017),
including grazing by some predators (Montgomery
and Gerking 1980, Pennings and Paul 1992). The
mineral content of noncalcified macroalgae considered here (32% DW) is considerably higher than a
typical nonmineralized microalgal species (17%
DW; Table 1). The highly calcified macroalgae,
excluded from our analyses here, can have ash content as high as 89.7% DW (Halimeda opuntia, from
Renaud and Luong-van 2006), while highly mineralized microalgae, such as the diatoms, are typically
30% DW ash (Finkel et al. 2016). Herbaceous plants
and leaves, while similar in carbohydrate content to
microalgae and macroalgae, tend to be higher in
protein and lipid, whereas actively growing microalgae tend to be much lower in carbohydrate and
higher in protein and lipid than macroalgae
(Table 1). Most of the carbohydrate fraction in
macroalgae is cell wall polysaccharides, largely composed of cellulose, hemicellulose, neutral and sulfated or acid polysaccharides (Holdt and Kraan
2011, Deniaud-Bou€
et et al. 2017). Unlike terrestrial
plants, which often use lignin to solidify their cell
walls, macroalgae generally do not contain lignin
(but see Martone et al. 2009), suggesting it is not

needed for structural support underwater. In addition to cell wall polysaccharides, macroalgal carbohydrates include storage polysaccharides (Holdt and
Kraan 2011), which differ in composition and content across species (Ito and Hori 1989). Microalgae
tend to store energy in the form of both carbohydrates and lipids, whereas the primary storage form
in macroalgae is carbohydrate (Ito and Hori 1989).
Algal lipids include glycolipids, which are found in
the chloroplasts; and phospholipids, which are an
integral component of cell membranes and neutral
lipids such as triacylglycerides, which function as
carbon and energy storage (Khotimchemko et al.
2002, Suutari et al. 2015). Lipid stores are metabolically more expensive but more energetically dense;
as a consequence, lipid storage may be relatively
more important in microalgae, where cellular space
is limited and lower specific density affects buoyancy
regulation (Subramanian et al. 2013).
The higher C:N ratio in the macroalgae relative
to the microalgae is due to their higher carbohydrate and lower protein content (Geider and La
Roche 2002), while lower lipid values for macroalgae are responsible for their much higher protein
to lipid ratio compared to that for microalgae
(Table S1). Based on the median macromolecular
content of macroalgae, we estimate a mean C:N of
16.1 (mol:mol; Table S1) compared to a mean C:N
of 7 for the microalgae (Finkel et al. 2016). Direct
carbon and nitrogen measures provide a similar estimate of the mean C:N in macroalgae of ~18.7
(Atkinson and Smith 1983). Most estimates of bulk
protein in macroalgae are based on a measure of
total nitrogen and a conversion factor (Angell et al.
2016, Fiset et al. 2017), so our macromolecular estimate of C:N is not completely independent of direct
elemental analysis.
The Ochrophyta are significantly lower in protein
than the Chlorophyta and Rhodophyta (Fig. 1). The
Rhodophyta are significantly lower in lipid than the
Chlorophyta. These differences in macromolecular
content help explain why the Ochrophyta tend to
have higher C:N relative to the Rhodophyta and
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Chlorophyte (Atkinson and Smith 1983). Angell
et al. (2016) also found that the Ochrophyta have
consistently lower protein content than the other
macroalga phyla regardless of the methods used to
harvest or quantify protein content. Differences in
nitrogen storage strategies employed by some of the
dominant taxa sampled within the major phyla may
help explain the lower protein content in the Ochrophyta versus the Rhodophyta and Chlorophyta. Two
orders within the Ochrophyta, the Laminariales and
Fucales, are recognized for their ability to store large
amounts of inorganic nitrogen, and are generally
perennial (Chapman and Craigie 1977, Zimmerman
and Kremer 1986, Young et al. 2009). When nutrients
are scarce, these macroalgae convert their inorganic
nitrogen reserves into nitrogen-rich macromolecules
such as proteins in order to grow (Chapman and
Craigie 1977, Zimmerman and Kremer 1986, Pedersen and Borum 1996, Young et al. 2009). Shorterlived ephemeral macroalgae tend to take up nitrogen
more rapidly from the environment and use it to
build proteins and pigments to promote rapid growth
(Littler and Littler 1980, Littler et al. 1983). Slowgrowing species that store nitrogen have been shown
to have slightly lower protein content than fast-growing species like Ulva and Porphyra (King and
Schramm 1976, Tiwari and Troy 2015). Nitrogen storage has also been observed in some macroalgae species within the Rhodophyta, but the literature
suggests that nitrogen storage does not seem as prevalent as within the Ochrophyta (Ryther et al. 1981).
Since the majority of the Ochrophyta sampled within
the current study were kelp or fucoid macroalgae
(64%), we hypothesize that their low protein content
may account for the lower average protein content of
the Ochrophyta.
There were no significant differences in carbohydrate content, ash content, or lipid to carbohydrate
ratios across the phyla. The lack of significant taxonomic differences in carbohydrate content was surprising given there are several species, within specific
phyla, harvested for their high polysaccharide content.
For example, the Ochrophytes: Saccharina and Undaria
and the Rhodophytes: Gracilaria, Kappaphycus, and
Gelidium are widely harvested for their phycocolloids
(FAO 2007, Holdt and Kraan 2011) that are used for
their gelling properties in food and other industrial
products (Dawes et al. 1973, Mouritsen 2013, Tiwari
and Troy 2015). In the Rhodophyte Hypnea musciformis,
carrageenan can make up to 41% of dry weight (Aziza
et al. 2008). According to a review by Holdt and Kraan
(2011) investigating the bioactive compounds of the 10
most researched and utilized macroalgal species, the
three genera with the highest carbohydrate contents
were members of the Ochrophyta and Rhodophyta
(Ascophyllum, up to 64%; Porphyra, up to 76%, and Palmaria, up to 74% DW). Our inability to detect significant differences in carbohydrate content across phyla
may be due to variability associated with pooling data
across studies (differences in strains, geographic and

environmental conditions, biochemical methods, and
laboratory protocols) as well as the variability inherent
in the dominant method used to estimate total carbohydrate in macroalgae (Fiset et al. 2017). Species-level
differences in bulk macromolecular content are much
larger than differences across phyla. While the current
study provides a measure of central tendency of the
macromolecular composition of macroalgae, it must
be noted that macroalgae macromolecular composition is highly plastic and greatly affected by a variety of
different environmental variables, including season,
nutrient availability, and habitat (Khotimchenko et al.
2002, Holdt and Kraan 2011, Suutari et al. 2015, Angell
et al. 2016, Deniaud-Bou€et et al. 2017, Wells et al.
2017). For example, seasonal variation in protein content in Sargassum vulgar can exceed 2-fold (MarinhoSoriano et al. 2006) and lipid content from brown
macrophyte Dictyota range between 20.2% and 2.6%
DW across studies from different regions (McDermid
and Stuercke 2003, McDermid et al. 2007, Chakraborty
and Santra 2008, Parthiban et al. 2013). In the current
study, observations for each of the macromolecules
were pooled regardless of environmental conditions,
broadening the variability associated with our median
estimates, and reducing our ability to detect finer-scale
taxonomic differences. Wider application of a better
method to estimate total carbohydrate content in
macroalgae may be required to detect global differences in median total carbohydrate content in macroalgae collected from the field from diverse locations
(Fiset et al. 2017, Van Wychen and Laurens 2019).
CONCLUSIONS

We present a new quantitative estimate of the median macromolecular content of macroalgae collected
from the field. Macroalgae are carbohydrate and mineral rich relative to microalgae and protein and lipid
poor relative to both microalgae and herbs and
leaves. Our statistical analyses confirm there are significant differences in bulk macromolecular content
across the macroalgal phyla:the Ochrophyta are lowest in protein and the Rhodophyta are low in lipid.
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Table S1. Macromolecular ratios and C:N ratios
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mean for macroalgae calculated using 1) paired
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