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Introduction

CCA are globally occurring macroalgae from the subclass 
Corallinophycidae that are abundant from the tropics to 
polar latitudes in 0–290 m water depth (Littler et al. 1985; 
López Correa et al. 2023; Teichert 2024) and with a fossil 
record dating back to the Paleozoic (Riding et al. 1998; 
Teichert et al. 2019). CCA mainly inhabit marine ecosys-
tems but also have been found in freshwater environ-
ments (Ragazzola et al. 2020). CCA can grow attached to 
a fixed substratum such as bedrock or coral reefs or unat-
tached and free-living, such as broken-off thalli that con-
tinue to grow; they can also completely envelope small 
stones or other nuclei (Woelkerling 1988). As soon as the 
fraction of CCA material within such a structure exceeds 
the 50% benchmark, it is called a rhodolith (Bosence 
1983), which may contain other calcifying organisms in 
varying fractions (Pyko et al. 2025). Regardless of their 
development as fixed crusts or rhodoliths, CCA fulfil 
important roles as ecosystem engineers in a great variety 
of environments (Teichert, Steinbauer et al. 2020; Tuya 
et  al. 2023; Straube et  al. 2024). The thallus of CCA 

features calcification in the form of calcite with a varying 
incorporation of magnesium (Nash et  al. 2011; Smith 
et al. 2012; Teichert, Voigt et al. 2020). The calcite is pre-
cipitated within the cell walls, which is spatially con-
trolled by a polysaccharide matrix, mainly made up of 
sulphated galactans, linear polymers consisting of alter-
nating residues of the 3-linked β-galactose and a 4-linked 
α-galactose (Bilan & Usov 2001).

Additional to these structurally important polysaccha-
rides, CCA and other red algae produce starch, one of the 
most important reserve materials in the plant realm. This 
so-called floridean starch is only composed of amylopec-
tin-like molecules (α-1,4-linked glucose with branched 
α-1,6-linked glucose), in contrast to land plant starches 
that are composed of both amylose (linear α-1,4-linked 
glucose) and amylopectin (α-1,4-linked glucose with 
branched α-1,6-linked glucose; (Yu et al. 2002; Xue et al. 
2021). Also, the average chain length of floridean starch 
is shorter than that of amylopectin in higher plants, such 
as potato amylopectin and maize amylopectin (Yu et al. 
2002). Unlike chlorophytes, rhodophytes synthesize and 
store starch as granules outside their plastids in the 
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cytosol (Pueschel 1990), in cells below the layer of meri-
stem cells (Giraud & Cabioch 1983), and their develop-
ment is associated with the endoplasmic reticulum 
(Borowitzka 1978). There is not much information on 
the regulation of photosynthetic carbon allocation in red 
algae; however, floridean starch represents the major 
sink for photosynthetically fixed carbon in Rhodophyta 
(Viola et al. 2001).

The role of floridean starch as a reserve material in red 
algae becomes especially evident in environments with 
short vegetation periods, as is characteristic for polar lati-
tudes. One of the most common CCA species in this con-
text is Boreolithothamnion glaciale (Kjellman) (Gabrielson 
et  al. 2023) (basionym Lithothamnion glaciale Kjellman 
1883) in the High-Arctic Svalbard archipelago. Here, the 
species experiences several months of darkness because 
of sea-ice formation and the polar night (Teichert & 
Freiwald 2014). It has been recognized in preliminary 
experiments (Teichert 2013) to contain starch (Fig. 1). 
During the short summer period, B. glaciale stores photo-
synthetically derived floridean starch within its perithal-
lial tissue. During the winter, the carbon is utilized to 
allow the organism to survive the approximately 120 
days of polar night (Freiwald & Heinrich 1994). Wiencke 
et al. (2009) have demonstrated a similar seasonal pat-
tern for the Arctic kelp Laminaria solidungula. So, while it 
is well-known that CCA and other algae can thrive in 
polar environments, the role of floridean starch for CCA 
in this context has been tackled only superficially 
(Freiwald & Henrich 1994). 

Along the coasts of Svalbard, B. glaciale can be found as 
crusts on fixed substrates but mainly occurs in the form of 

unattached rhodoliths that are mostly at depths between 
11 m and 47 m, though they can be found in the dys-
photic zone as far down as 81 m (Teichert et  al. 2014; 
Wisshak et al. 2017; Wisshak et al. 2019). As rhodoliths 
are unattached, they can be turned around by water 
movement or organisms in search of food (Wisshak et al. 
2019), thus altering the orientation of a rhodolith towards 
incident light. Both factors—the water depth in which a 
specific rhodolith thrives as well as its orientation on the 
seafloor—are potential prerequisites for the production of 
floridean starch, whose quantitative distribution within 
rhodoliths and CCA in general has not been analysed 
before.

Deciphering some of the mechanisms that govern 
starch production and distribution in CCA would also 
improve our understanding of their role in blue carbon, 
that is, carbon burial in the marine realm (Krause-Jensen 
et al. 2018). It has been suggested that this role might be 
significant (van der Heijden & Kamenos 2015); however, 
there are many unknowns, especially over longer 
timescales (Mao et al. 2020). Quantifying the contribu-
tion of CCA to blue carbon is particularly complicated 
because, as calcifying organisms, CCA also contribute to 
calcification-driven CO

2
 emissions (Van Dam et al. 2021). 

Starch, as a relatively stable polysaccharide (Yu et  al. 
2021) with a high potential for long-term burial, is an 
important variable in this equation.

In this study, we employed iodine staining on rhodo-
lith serial cross-sections to quantify the amount of incor-
porated starch, using specimens mainly composed of the 
CCA species B. glaciale that had been collected at different 
water depths. We hypothesized that (1) the starch con-
tent of the rhodoliths would decrease with water depth 
because deep-water specimens receive less light and are 
moved less frequently and (2) that the starch content 
would be higher in the top parts of a rhodolith because 
the scattered light in the water column reaches the bot-
tom parts of the rhodoliths less extensively than the top 
parts.

Material and methods

Study area

The rhodolith samples were obtained during the MSM 55 
expedition (ARCA) of the RV Maria S. Merian from 11 to 
29 June 2016 (Wisshak et  al. 2017) in Mosselbukta. 
Located at the mouth of the fjord Wijdefjorden, 
Spitsbergen, the bay of Mosselbukta is 5 km long and up 
to 8 km wide (79°53’N, 15°55’E). Mosselbukta is a classi-
cal site for geo-biological research on carbonate produc-
tion by benthic communities in Svalbard waters and was 
first surveyed by Kjellman (1883), who reported 

Fig. 1  A digitally coloured scanning electron microscopy image (colour 

values do not represent analytical information) of starch grains distrib-

uted in the calcified thallus of Boreolithothamnion glaciale collected at 46 

m water depth in Mosselbukta, Svalbard. 
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rhodolith beds several square kilometres in extent. These 
were further characterized by Teichert et al. (2014) and 
the carbonate production rates of the beds were assessed 
by Teichert & Freiwald (2014), who found that the beds 
appear most pronounced at around 45 m water depth, 
with a production rate of 119.8 g (CaCO

3
) m-2 yr-1, where 

rhodoliths of up to 25 cm in diameter cover 60–80% of 
the seafloor. Glaciogenic material—from pebble to boul-
der sized stones—dominates the seafloor in Mosselbukta, 
providing suitable hardground for CCA and subsequent 
rhodolith formation. Boreolithothamnion glaciale is the pre-
vailing CCA species and can be encountered down to the 
dysphotic depth of 81 m (Teichert et  al. 2014; Wisshak 
et al. 2017).

Its polar latitude subjects Mosselbukta to extreme sea-
sonality. Although there are no permanently moored 
data logging stations in the area, environmental data 
from repeated CTD profiling, autonomous temperature 
and salinity logging (over 15 months) and short-term 
lander deployments reveal several distinct water masses 
affecting the area over the course of the year (Wisshak 
et al. 2019). Sea-ice cover varies in Mosselbukta but com-
monly forms in December/January and starts to break up 
between May and July (Spreen et al. 2008), minimizing 
the PAR significantly during that time. Daylight is absent 
during the polar night, which lasts 122 days at 
Mosselbukta (NOAA 2023). Generally, the PAR levels at 
46 m water depth are low, with only a few measurements 
above the detection limit recorded during a short-term 
lander deployment, reaching a maximum of only 4.5 
µmol m-2 s-1 (Wisshak et al. 2019). Measurements in 2006 
indicated that the rhodoliths at this site thrive under dys-
photic conditions with less than 1% surface irradiance 
(Teichert et al. 2014). 

Rhodolith collection and preparation

Using the manned submersible Jago, two rhodoliths were 
collected from a shallow-water (12.7 m) and two from 
each of two deeper-water (46.8 and 48.8 m) locations in 
Mosselbukta (Table 1, Fig. 2). Collected rhodoliths were 
dried in cabinet desiccators at 30°C for 48 hours onboard 
the research vessel and stored in sealed plastic bags con-
taining silica gel as a drying agent. All sampled rhodoliths 
were mainly built by the CCA species B. glaciale. Species 
identification was based on works by Adey (1970) and 
Gabrielson et  al. (2023), supplemented by notes by 
Teichert et al. (2014).

In the laboratory, complete rhodoliths were embedded 
in Water-clear+ (RG Faserverbundwerkstoffe GmbH) 
epoxy resin, which has a resin to hardener ratio of 100:35. 
After air-drying for 48 hours, the rhodoliths were sec-
tioned vertically with a Buehler low-speed, water-cooled 

diamond rock saw to produce slabs of ca. 1.5 cm thick-
ness, resulting in different amounts of cross-cut surfaces 
for later analysis (Table 1). The different amounts of slabs 
depended on the rhodoliths’ sizes and are unproblematic 
for the statistical analysis. Each slab surface was then 
coated with another thin layer of epoxy resin for stabili-
zation, air-dried for 48 hours and polished with silicon 
carbide suspensions of grain sizes down to P800 to remove 
all the material that was covered with the stabilizing 
resin.

Starch quantification

The starch–iodine reaction (Colin & Gaultier de Claubry 
1814) was used to quantify the starch content in the 
rhodoliths. While this reaction has been used to visualize 
floridean starch in rhodoliths before (Fredericq et  al. 
2019), it is important to note that colouration following 
iodine treatment works differently for floridean starch 
than for the starch of other plants, like potatoes. The deep 
blue colour known from iodine-treated potato starch—
with an absorbance peak of 590 nm and a blue value of 
0.49 (Yu et al. 2002)—derives from a complex formation 
with amylose (Saenger 1984), which is not present in 
floridean starch. The amylopectin–iodine complex formed 
in floridean starch (Davis et al. 1994) is characterized by 
a red to purple colour that has an absorbance peak of 
527–530 nm and a blue value of 0.10 (Yu et al. 2002). 
The colour change to this purple is a straightforward 
method to track floridean starch in rhodoliths, which we 
utilized.

Before staining, each slab surface was photographed at 
25× magnification with a Zeiss Axio Zoom.V16 micro-
scope equipped with a Zeiss Axiocam 506, using the tile 
stitching mode operated by the Zeiss ZEN core software. 
This was done to get a record of the untreated slab sur-
faces for later comparison with the stained specimens.

For iodine staining, each slab surface was immersed in 
Lugol’s solution (iodine–potassium iodide solution) for 
three minutes, rinsed with demineralized water for five 
seconds and dried with compressed air. Immediately 
thereafter, each slab was again photographed. Considering 
all areas that gained a red to purple colour (in contrast to 
the untreated version) as containing floridean starch, we 
used ImageJ Fiji version 2.9.0 (Schindelin et al. 2012) to 
calculate the ratio between the complete CCA area and 
the portion that contained floridean starch. We did 
not  employ automatic measurements (i.e., based on 
colour mapping) but assigned the areas of starch mea-
surements manually in order to avoid misinterpretations. 
Additionally, each rhodolith slab was divided into a top 
and a bottom part, depending on the position of the rhod-
olith on the seafloor at the time of collection, and 
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Table 1 Overview of rhodolith samples.

Rhodolith no. Analysed surfaces (n) Sampling station Water depth (m) Latitude Longitude

10064b 6 MSM55/442 12.7 79°54.41’ N 15°54.85’ E

10064c 8 MSM55/442 12.7 79°54.41’ N 15°54.85’ E

10353 8 MSM55/416-1 46.6 79°54.69’ N 15°48.61’ E

10365 8 MSM55/433-1 48.8 79°54.33’ N 15°47.82’ E

Fig. 2  Study area and rhodolith sampling sites. (a) Location of the study area Mosselbukta in northern Spitsbergen, Svalbard. Arrows indicate the main 

ocean currents: the warm West Spitsbergen Current (WSC) and the cold East Spitsbergen Current (ESC). (b) Multibeam map of Mosselbukta, indicating 

the three rhodolith sampling sites and the gear used (topographic map extract is used by courtesy of the Norwegian Polar Institute). (c) Rhodolith bed in 

40 m water depth at Mosselbukta (photo: Solvin Zankl). (d) Rhodolith sampling via the manned Jago submersible (photo: Solvin Zankl).
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separate quantifications were made for both halves. This 
was possible because the top parts still showed the red-
dish colour typical of CCA while the bottom parts were 
bleached, potentially due to CCA dieback or at least pho-
tosynthetic inactivity (Schlüter et  al. 2021). We also 
wanted to quantify the starch content on the basis of the 
complete rhodoliths, so we ended up with the following 
data: top rhodolith matrix area; bottom rhodolith matrix 
area; complete matrix area; top rhodolith starch area; 
bottom rhodolith starch area; and complete starch area. 
All measurements were in mm2.

To quantify how deep floridean starch is stored in the 
algal thallus, we measured the thickness of starch-co-
loured areas at 10 spots for each slab randomly, including 
branch tips and sides, not distinguishing between top and 
bottom parts of the rhodoliths. The complete approach to 
visualize and measure the starch-containing rhodolith 
areas as well as the division between top and bottom 
rhodolith parts and the depths of starch storage is visual-
ized in Fig. 3. 

Statistical approach

Statistical analyses were performed in R version 4.3.1 (R 
Core Team 2023) and PAST4 (Hammer et al. 2001). We 
calculated the starch:matrix ratios for the top and bottom 
parts of each rhodolith by dividing the starch areas by the 
respective matrix areas of the slabs and calculating the 
mean ratio and standard deviations. Then, we summed 
up starch areas from top and bottom and divided it by the 
summed-up matrix areas to obtain the starch:matrix 
ratios for the complete rhodoliths. 

Starch:matrix ratios divided into top and bottom areas 
as well as ratios for the complete rhodoliths were tested for 
normal distribution using the Shapiro–Wilk test. As some 
of the data in both data sets were not normally distributed, 
we used non-parametric tests for further analysis.

To infer if there are significant differences in the 
starch:matrix ratios between the top and bottom parts of 
each rhodolith, we used the Wilcoxon signed rank test, a 
two-sample paired test that accounts for the fact that top 
and bottom starch:matrix ratios derive from individual 
rhodolith slabs. The results were visually complemented 
by box plots.

To infer if there is a significant difference in the 
starch:matrix ratios between deep and shallow water 
rhodoliths, we employed a Kruskal–Wallis test to check if 
there is a significant difference between groups (main 
effect) and Mann–Whitney pairwise post hoc tests to con-
duct pairwise comparisons amongst groups.

To quantify how deep floridean starch is stored in the 
algal thallus, we measured the thickness of starch-co-
loured areas at 10 spots for each rhodolith slab randomly, 

resulting in 60 measurements for rhodolith 10064b and 
80 measurements for rhodoliths 10064c, 10365 and 
10353. Mean starch thicknesses for each rhodolith were 
tested for normal distribution using the Shapiro–Wilk 
test. Potential differences between groups (water depth) 
were tested with the non-parametric Kruskal–Wallis test 
and Dunn’s post hoc test.

Potential clusters based on calculated starch:matrix 
ratios across all samples were analysed and identified 
using the clustering algorithm K-Mean (MacQueen 
1967). K-means clustering requires a predefined number 
of clusters, which was determined and visualized with 
the function fviz_nbclust() in the “factorextra” R package 
(Kassambara & Mundt 2020), using the within-cluster 
sums of squares and average silhouette. Additionally, the 
function fviz_gap-stat() in the “factorextra” R package 
was used to visualize the gap statistics generated by the 
function clusGap() in the “cluster” R package (Maechler 
et al. 2023). After specifying the optimal number of clus-
ters, the K-Means cluster analysis was performed with 
the function kmeans() in the “stats” R package (R Core 
Team 2023). As recommended, nstart was set to >1 (25). 
Clustering results were plotted with the function fivz_
cluster() in the “factorextra” R package.

Results

For all analysed slab surfaces, the resulting matrix and 
starch areas, the corresponding ratios and the calculated 
mean values for each rhodolith are compiled in Table 2. 
The Shapiro–Wilk test indicated normal distribution for 
all data except the top part of rhodolith 10365 and for the 
complete rhodolith 10064c (Table 3), so we continued 
with non-parametric tests for the complete data set. 
Results of the Wilcoxon signed rank test on the starch:ma-
trix ratios of top and bottom rhodolith parts indicated 
that differences are significant in half of the samples 
(Table 4, Fig. 4a), where the ratios were always higher in 
the top than in the bottom parts. For the complete rhod-
oliths, the Kruskal–Wallis test indicated a significant dif-
ference between the starch:matrix ratio sample means of 
the complete rhodoliths (Hχ

2 = 19.84, p = 0.00018) and 
the Mann–Whitney pairwise post hoc tests indicated dif-
ferences between rhodoliths from deep and shallow 
waters (Table 5, Fig. 4b). 

Measured starch thicknesses reveal that starch is 
located not only at the surface of the CCA but up to sev-
eral millimetres deep in the skeleton. Raw data show that 
the mean ratios from shallower waters are higher than 
the mean ratios from deeper waters (Fig. 5). Data are not 
normally distributed (Table 6). The Kruskal–Wallis test 
indicated that there is a significant difference between the 
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median starch thicknesses (Hχ
2 = 99.2, p < 0.0001). The 

Dunn’s post hoc exact test indicates significant differences 
only between rhodoliths from different water depths and 
not between rhodoliths from the same water depth 

(Table 7). Nevertheless, these data need to be considered 
conservative because, while the depth measurements 
were distributed randomly over the rhodolith, many 
areas remain uncovered. Moreover, it would be necessary 

Fig. 3 Starch quantification: (a) Rhodolith slab before treatment with Lugol’s solution; (b) after treatment, with areas containing starch coloured red to 

purple (white arrows), including division in top and bottom parts, indicated by green brackets; white rectangle indicates (c) close-up image of starch area 

measurement (indicated by white dashed line) and starch storage depth measurements (indicated by white double arrows; the long arrow represents a 

branch tip measurement, short arrows represent branch side measurements) in ImageJ Fiji.
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to normalize starch storage data to cell size in further spe-
cialized studies to draw conclusions about the true distri-
butional coverage within the CCA tissue.

K-means clustering resulted in an optimal number of 
three clusters (Fig. 6, Supplementary Fig. S1). Cluster 
visualization clearly shows one cluster containing almost 
all the calculated starch:matrix ratios from the deep-
er-water samples. The calculated starch matrix ratios 
from the shallow-water samples divide in two different 
clusters, which mostly represent the two rhodolith 
specimens.

Discussion 

The influence of water depth

Our study focused on the starch:matrix ratios and starch 
localization in rhodoliths collected from different water 
depths in an Arctic environment. Rhodolith-forming 
CCA allocate carbon through photosynthesis, so we 
hypothesized that PAR is the most important factor in 
controlling starch production in CCA and, therefore, 
water depth has a significant influence on the storage of 
starch granules within the CCA tissue. Rhodolith-
forming CCA have a low-light adapted photosystem 
(Gantt 1990), but our results suggest that as illumination 
decreases with water depth, it causes a decrease of starch 
production. At 12.7 m water depth, the rhodoliths are 
located inside the euphotic zone with an irradiance of 
about 10% of the surface illumination, while the sam-
ples from the deeper waters (46.6 m and 48.6 m) are 
located in the dysphotic zone and receive only ca. 1% of 
the surface illumination (Teichert et al. 2014). Supporting 
our hypothesis, all the statistical tests indicated a signifi-
cant difference in the starch:matrix ratios associated 
with shallow- versus deep-water rhodoliths, with higher 
values in the samples from shallow water (maximum 
37.4% starch content) and lower values in those from 
deeper waters (maximum 15.2% starch content). The 
significant decrease of starch infusion thicknesses in the 
CCA thallus with water depth underpins these 
assumptions.Ta
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Table 4 Results of the Wilcoxon signed rank test on differences between 

the starch:matrix ratios of top and bottom rhodolith parts.

10064b  

top/ 

bottom

10064c 

top/ 

bottom

10365 

top/ 

bottom

10353 

top/ 

bottom

N 6 8 8 8

W 21 31 15 36

p <0.0277 0.0687 0.3454 0.0117

significantly different Yes No No Yes
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The other condition that we predicted would have an 
effect on differences in starch content was the frequency 
of rhodolith movement. Rhodoliths are moved and 
turned over by water energy—waves and tidal currents—
and by benthic organisms looking for food, and this hap-
pens more commonly in shallow water compared to 
deeper waters at Mosselbukta (Wisshak et  al. 2019), 
resulting in a more even overall exposure and less die-
back of all rhodolith parts in the shallow-water rhodo-
liths (Schlüter et al. 2021). 

The more favourable light conditions for rhodo-
lith-forming CCA in shallow waters allow them to store 
more carbohydrates as starch granules compared to con-
suming them in respiration than is the case for the 

deeper-water rhodoliths. However, recent analyses 
(Voerman et  al. 2023) have suggested that mesophotic 
conditions can be optimal for rhodolith photosynthesis. 
While mesophotic conditions might not be optimal for 
growth, there is also no need to devote energy towards 
photoinhibition strategies. Another point that needs to be 
considered in terms of starch production is the seasonal 
fluctuation at the sampling sites. All examined rhodoliths 
were collected during the beginning of the summer, in 
June 2016, when it can be expected that rhodoliths have 
less starch stored compared to the end of summer. In a 
year-long in situ experiment in Arctic Bay, Canada, Gould 
et  al. (2022) demonstrated that most of the annual 
growth of Clathromorphum compactum occurred during the 
sea-ice free summer months (54%), arguing that the 
observed growth during winter (21%) is most likely a 
consequence of the mobilization of photosynthate stored 
during the active summer months.

The clusters derived from the K-mean analysis fur-
ther highlight the importance of different light condi-
tions for starch:matrix ratios in rhodoliths. Interestingly, 
the fact that there are two clusters for the shallow-wa-
ter samples and only one for the deeper-water samples 
suggests that there are more stable conditions in deeper 
water. As indicated by Wisshak et al. (2019), the hydro-
dynamics of Mosselbukta are very complex and, 

Fig. 4  Boxplots visualizing (a) the distribution of starch:matrix ratios in top and bottom parts of rhodoliths from different water depths (note that differ-

ences are only significant in cases where top values exceed bottom values) and (b) the distribution of starch:matrix ratios of complete rhodoliths from 

different water depths with significant differences between shallow- and deep-water specimens.

Table 5 Results of the Mann–Whitney pairwise post-hoc tests indicating 

significant differences between the starch:matrix ratios of deep (10365; 

10353) and shallow (10064b; 10064c) water rhodoliths. Values report 

the Mann–Whitney U, followed by the p. Values in boldface are statis-

tically significant.

10064b  

(shallow)

10064c  

(shallow)

10365  

(deep)

10064c (shallow) 14, 0.22 - -

10365 (deep) 2, 0.0054 4, 0.0038 -

10353 (deep) 0, 0.0024 0, 0.0009 29, 0.7972
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especially in the shallower areas, are strongly seasonal. 
The significant differences of starch thickness between 
shallow- and deep-water samples underline these 
findings.

As outlined above, rhodoliths are turned more fre-
quently in shallow than in deeper waters (Schlüter et al. 
2021) but even at shallow depths rhodoliths periodically 
remain in a specific position long enough for photosyn-
thesis and starch production to reflect the rhodoliths’ ori-
entation. We therefore hypothesized that those parts of 
the rhodolith facing upwards upon collection should con-
tain more starch than the bottom parts. However, only in 

half of the samples (10064b and 10353) did the upper 
parts have a higher starch:matrix ratio than the lower 
parts. Importantly, the differences were only significant 
for these two samples, indicating a partial validation of 
our hypothesis. This rather irregular pattern likely points 
to a long-term accumulation of starch within the rhodo-
liths, indicating that not all starch is consumed but may 
also become buried in the deeper parts of the CCA 
skeleton. 

Implications for rhodoliths as blue carbon

Nellemann et al. (2009) introduced the term “blue car-
bon” to describe carbon buried in marine sediments and 
to highlight the importance of carbon sequestration in 
marine ecosystems and its potential role in mitigating cli-
mate change. Lovelock & Duarte (2019) established the 
following criteria for a species or habitat to be considered 
as blue carbon: significant scale of greenhouse gas emis-
sion removals, long-term storage of fixed CO

2
 and the 

potential to be managed or enhanced through practical 
action. 

At present, mangroves, salt marshes and seagrass 
meadows are considered as the most important blue car-
bon ecosystems (Lovelock & Duarte 2019). James et al. 
(2024) conducted a meta-analysis of 253 studies to iden-
tify other coastal ecosystems with a strong capacity to 
act as blue carbon sinks. Among others, the authors iden-
tified CCA beds as important in this context. On the 
one hand, CCA act as a CO

2
 sink in the process of 

Fig. 5  Boxplots visualizing starch depths in the rhodolith skeleton, indi-

cating a significant difference between shallow- and deep-water rhodo-

liths. White circles represent individual starch depth measurements.

Table 6 Results of the Shapiro–Wilk test for normal distribution of data 

for the complete rhodolith starch storage depths.

10064b 

complete

10064c 

complete

10365 

complete

10353 

complete

n 60 80 80 80

Shapiro–Wilk W 0.8915 0.8209 0.6878 0.9333

p (normal) <0.001 <0.001 <0.001 <0.001

normal distribution No No No No

Table 7 Results of the Dunn’s post hoc test indicating significant 

differences between the starch storage depths in the complete rhodo-

liths, indicating significant differences between water depths. Values in 

boldface are statistically significant.

10064b 

(shallow)

10064c 

(shallow)

10365 

(deep)

10353 

(deep)

10064b (shallow) 0.3858 <0.001 <0.001

10064c (shallow) 0.3858 <0.001 <0.001

10365 (deep) <0.001 <0.001 0.2681

10353 (deep) <0.001 <0.001 0.2681
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photosynthesis and CaCO
3
 dissolution and weathering. 

On the other hand, they act as a CO
2
 source in the process 

of respiration and CaCO
3
 production (van der Heijden & 

Kamenos 2015). However, carbon sink estimates mostly 
account for the balance between the CO

2
 sequestered and 

the CO
2
 emitted during calcification (Krause-Jensen et al. 

2018). Additionally, Mao et  al. (2024) showed experi-
mentally that the release of CO

2
 from calcification in 

Boreolithothamnion soriferum is considerably less than the-
oretically predicted, because of internal carbon cycling. 
The long-term removal of CO

2
 requires the fixed carbon 

to remain stored for 100–1000 years (van der Heijden & 
Kamenos 2015). The rhodoliths from Mosselbukta clearly 
fulfil the criteria of longevity (>100 years, Teichert et al. 
2024) and, also taking into account their role in carbon-
ate sedimentology (Teichert 2024), they could be consid-
ered as potential contributors to the long-term removal of 
CO

2
 up to geological timescales. 

The results of our study bring a new aspect to the dis-
cussion about CCA and blue carbon by highlighting that 

the starch is not only located in the superficial tissue of 
the CCA, but also several millimetres deep in the skele-
ton. This means it is highly probable that the still-living 
algae cannot reach the starch and use it for metabolism 
after the CCA skeleton has reached a specific thickness. It 
would be useful to find out the thallus depth at which 
stored starch can still be mobilized by the CCA when 
needed. Rhodoliths formed by CCA often occur as mas-
sive, bed-like formations (Riosmena-Rodriguez et  al. 
2017). If parts of such beds are buried during, for exam-
ple, a storm, the starch content is removed from the car-
bon cycle for the medium- or long-term. 

A great deal remains unknown about blue carbon in 
general, especially the potential role of CCA as a possible 
carbon sink despite being calcifiers. While rhodoliths 
have been suggested before as potential blue carbon can-
didates (Tuya et al. 2023), their high production of CaCO

3
 

might actually lead to a negative CO
2
 balance. It has yet 

to be explored if the amount of CO
2
 that is removed from 

the environment during photosynthesis and dissolution/

Fig. 6  Clusters of starch:matrix ratios deriving from the K-means analysis. Numbers 1–14 represent shallow-water samples (numbers 1–6 are from 

specimen 10064b and numbers 7–14 are from specimen 10064c), while numbers 15–30 represent deeper-water samples (numbers 15–22 are from 

specimen 10365 and numbers 23–30 are from 10353). With the exception of slabs 10365-1 (number 15) and 10365-2.1 (number 16), the deep-water 

samples are grouped together in one cluster (blue). The shallow-water samples form two different clusters (yellow and green), with each cluster 

representing a single rhodolith specimen.
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weathering exceeds the amount that is released during 
the calcification process. However, the production and 
storage of floridean starch could shift the carbon balance 
towards more CO

2
 removal depending on the starch:ma-

trix ratio. Our study provides some basic results on the 
distribution of starch in rhodoliths and points to its poten-
tial for long-term sequestration of CO

2
. In this context, it 

is interesting that starch can be fossilized; the oldest fos-
silized starch is 280 million years old (Liu et  al. 2018). 
The amount of starch stored inside the living tissue as 
well as in the skeleton of CCA might contribute to the 
amount of fixed CO

2
 that is removed from the system, 

and it might outweigh the amount of CO
2
 being produced 

during the process of calcification. Further quantification 
of buried starch within rhodolith beds would help to 
determine whether rhodoliths are blue carbon.
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