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Current evidence suggests that macroalgal-dominated habitats are important
contributors to the oceanic carbon cycle, though the role of those formed by
calcifiers remains controversial. Globally distributed coralline algal beds, built
by pink coloured rhodoliths and maerl, cover extensive coastal shelf areas of
the planet, but scarce information on their productivity, net carbon flux
dynamics and carbonate deposits hampers assessing their contribution to the
overall oceanic carbon cycle. Here, our data, covering large bathymetrical
(2-51 m) and geographical ranges (53°N-27°S), show that coralline algal beds
are highly productive habitats that can express substantial carbon uptake rates
(28-1347 g C m2day™), which vary in function of light availability and species

composition and exceed reported estimates for other major macroalgal
habitats. This high productivity, together with their substantial carbonate
deposits (0.4-38 kilotons), renders coralline algal beds as highly relevant
contributors to the present and future oceanic carbon cycle.

The important role of the oceans in the global carbon cycle is well
established', determined by the solubility and the biological pump that
regulate the partitioning of carbon between the ocean and the
atmosphere’. The biological pump combines the carbon pools from
both the soft tissue pump and the carbonate pump, linking the con-
version of dissolved inorganic carbon (DIC) to organic carbon by
autotrophic net primary production (NPP) and the precipitation of
CaCOs; by calcifying organisms, respectively>. Hence, NPP is a major
driver of carbon cycling through the biological pump, and quantifying
the sources, patterns and drivers is fundamental. In this context, Pes-
sarrodona et al**. recently pointed out that coastal carbon fluxes are
inadequately represented in the global carbon budget, as many
uncertainties remain, mostly related to the quantitative importance of
the carbon uptake by marine vegetated habitats, in comparison with
other primary producers (e.g., phytoplankton). Over the last few years,
efforts have increased to elucidate the magnitude of carbon uptake

linked to NPP in these habitats and to identify patterns and potential
drivers’’. Recent data compilations® confirmed that macroalgal-
dominated habitats are among the largest and most productive
coastal vegetated ecosystems, comparable or even more productive
than oceanic phytoplankton and some terrestrial ecosystems®”.
While the significant contribution of non-calcareous macroalgal
habitats to oceanic carbon uptake has recently been acknowledged,
the carbon capture potential of habitats created by calcifiers remains
controversial'®, The common assumption is that calcifiers and the
habitats they build (e.g., coral reefs, calcareous algal beds) represent a
source of atmospheric CO, via the process of calcification'®", Indeed,
marine shallow benthic carbonate production has been associated
with a net CO, evasion to the atmosphere, as the precipitation of cal-
cium carbonate (CaCOs) is a process that releases CO,, while its dis-
solution has the opposite effect'”. Yet, in habitats built by
photosynthetic calcifiers, carbon flux dynamics are driven by the
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co-deposition of organic (soft tissue) and inorganic (in form of CaCO5)
carbon, which have opposing effects on the magnitude and direction
of a habitat’s net carbon fluxes. Thus, the ratio of organic to inorganic
carbon production has been suggested as a controlling factor for
carbon sink/source potential of habitats built by calcifiers, such as
coral reefs™. In this context, coral reefs are generally assumed to be
carbon sources, as earlier estimates suggested that the daily net
organic carbon production in these systems is -0, due to net photo-
synthetic carbon assimilation during the day being offset by carbon
release due to nighttime respiration”. However, increasing evidence
indicates that net organic carbon production in reefs is highly variable
and can be >0, off-setting the CO, release due to calcification'®,
Similar findings have been reported for seagrass ecosystems with a
high proportion of associated calcareous macroalgae'®”, and for
communities dominated by coralline algae®.

In contrast to coral reefs, where assessments of the magnitude
and direction of associated carbon fluxes have been carried out since
the 90s, research efforts have been extremely limited for coralline
algal beds. These habitats are built by usually pink coloured free-living
non-geniculate coralline algae, i.e. rhodoliths (nucleated forms) and
maerl (non-nucleated forms). They represent a major marine benthic
habitat, with an estimated global area of 4.12 million km*', which is by
far larger than the global estimates for other macroalgal-dominated
habitats®*. Yet, studies on the productivity and associated carbon
sink-source dynamics of coralline algal beds are extremely limited, in
both numbers and geographical scale, which is a crucial obstacle for
obtaining meaningful global estimates. Currently, available datasets
are restricted to temperate and cold-temperate coralline algal beds,
suggesting that these habitats are mostly net heterotrophic through-
out the year, i.e. carbon release is higher than its uptake” %, though
slight autotrophy has been reported in a shallow bed during spring®.
Consequently, in recent comparisons of productivity and associated
carbon uptake of different macroalgal habitats, coralline algal beds
rank among the habitats with the lowest values®’.

As outlined above, for the quantification of the net carbon uptake
capacity of calcifying habitats, such as coralline algal beds, both net
organic carbon metabolism and carbonate dynamics (inorganic car-
bon cycling) must be considered. In this context, the available infor-
mation shows that in rhodoliths and maerl (hereafter using the term
rhodoliths for both), the ratio of net photosynthesis to calcification
varies depending on species and environmental conditions***, This
would suggest considerable variability in productivity-associated car-
bon flux dynamics depending on site, season and/or rhodolith-
community composition. When considering coralline algal beds at
an ecosystem level, this ratio can also vary depending on the type and
abundance of the associated community (e.g., fauna, flora, calcifiers,
non-calcifiers), which contribute differentially to the carbon fluxes®*,

Furthermore, coralline algal beds often contain substantial car-
bonate deposits (e.g., 200 Gt CaCO; on the Brazilian coastal shelf
alone®?"), as shallow-water (<100 m) benthic carbonate production
leads foremost to carbonate accumulation with little dissolution®.
These deposits are frequently stable for millennia®, and represent a
significant carbon sink, though they are considered relevant only at
long-term (i.e., geological) timescales™**. Yet, their relevance for short-
term habitat-associated carbon fluxes may increase due to ocean
acidification that results in a decline in the calcium carbonate satura-
tion state of seawater®, and a consequent increase of dissolution of the
carbonate deposits, as shown experimentally for dead rhodoliths®,
and reported for coral reefs and carbonate sediments® . From a
biogeochemical perspective, an increase in carbonate dissolution
would increase seawater alkalinity and cause a CO, drawdown asso-
ciated with these habitats®.

Information regarding contemporary carbon fluxes (associated to
net organic carbon metabolism and carbonate dynamics) and the
extent of their carbonate deposits, are both highly relevant for

present-day assessments and future projections of the role of coralline
algal beds in the oceanic carbon cycle. For the former, a bottom up
approach can be used, scaling up from individual-level physiological
processes to the population level. This approach has been widely
applied in macroalgal-dominated habitats, including coralline algal
beds”**°*3, and in coral reefs***. In coralline algal beds, and similar
to studies in coral reefs'®*, it involves a budgeting approach, con-
sidering (i) net primary productivity, i.e. the balance between organic
carbon production and consumption, and (ii) the balance between
calcium carbonate precipitation (CO, release) and dissolution (CO,
removal).

Given the information outlined above, it is reasonable to assume
that coralline algal beds might play an important, yet so far not con-
sidered, role in the oceanic carbon cycle. In this study, we investigated
this question, by assessing (i) the magnitude, direction and drivers of
carbon fluxes associated to the productivity of coralline algal beds and
their geographical and species-specific variability, and (ii) the amount
of carbonate accumulated in these habitats and its dissolution rates.
For this, net primary and carbonate production rates of individual
rhodolith species from the sampled coralline algal beds were quanti-
fied at different light levels. In addition, the dissolution rates of dead
algal nodules/thalli were determined, as these can represent a sig-
nificant proportion of the rhodolith standing stock in these habitats.
The obtained rates were combined with information of the respective
standing stocks (live and dead rhodoliths) and in situ light field and
variability data, to obtain daily estimates of net coralline algal pro-
ductivity (living rhodolith community), carbonate dissolution rates
(dead algal nodules/thalli) and the resulting net carbon uptake/release.
Moreover, considering the aforementioned standing stocks, we esti-
mated the amount of carbonate accumulated in the beds.

Results

The daily integrated net primary productivity (NPP) of species that
inhabit and dominate different Atlantic and Mediterranean coralline
algal beds showed that they were net autotrophic, except the rhodo-
liths from the deepest bed (Sicily, 51m) that showed slight net het-
erotrophy (Fig. 1a, Supplementary Table 1). The estimates of both NPP
and daily integrated net carbonate production (NCP) were highly
correlated (R? = 0.97), even though they were quite variable among and
within sites (Fig. 1b, c¢). Regardless of the species, light availability
explained 61% and 63% of variation in NPP and NCP, respectively
(Supplementary Fig. 1). NPP and NCP increased with light availability
(Fig. 1a, b), while site-specific temperatures hardly contributed to dif-
ferences in rhodolith productivity (Supplementary Fig. 1).

The strong influence of local light conditions on rhodolith pro-
ductivity was also supported by comparing estimates of the same
species (Phymatolithon sp.) from four coralline algal beds in the Lusi-
tanian province. Both, NPP and NCP of this species varied strongly
among sites that differed in depth and, consequently, in the daily light
exposure, with rhodoliths from the shallowest (Arguineguin) and
deepest bed (Porto Santo) expressing the highest and lowest pro-
ductivity, respectively (Fig. 2a).

Additionally, comparison of the productivity estimates from
multiple species, inhabiting the same coralline algal bed, indicated that
species-specific productivity may contribute to the observed variation.
This is exemplified in the Arvoredo bed (southern Brazil), where there
were significant differences in productivity among the species dom-
inating the community (Fig. 2b, Supplementary Table 1).

Rhodolith productivity per m? of coralline algal bed (NPPp, NPCp),
showed a similar pattern relative to the biomass-specific productivity
(Fig. 3a, Table 1), despite differences in the biomass of living rhodoliths
in the coralline algal beds, which ranged from 2.5 to 29 kg m? (Table 2).
The daily NPPp indicated that the deepest bed (Sicily) was slightly net
heterotrophic, while coralline algal beds with the highest in situ light
availability (Arvoredo, Arguineguin, Taranto), expressed the highest
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Fig. 1| Daily net productivity of rhodoliths from Atlantic and Mediterranean
coralline algal beds. a Biomass-specific daily net primary productivity (NPP,
expressed as carbon uptake) and (b) daily net carbonate production (NCP) and the
corresponding daily light exposure (DLE). Box plots show the median (gray line),

the box ends indicate the upper and lower quartiles and the box whiskers extend to
the maxima and minima of each sample (excluding the outliers) [n =5 per location,
except for *multispecific rhodolith populations in Sicily (n=10) and Arvoredo

(n=15)]. ¢ Linear correlation between NPP and NCP (y=0.559 + 0.241x, R?= 0.97).

productivity (Fig. 3a, Table 1). The highest estimate of NPP» and NCPp
was found in the Brazilian bed, about twice as high as the other two
most productive beds (Fig. 3a, Table 1).

Most of the rhodolith populations exhibited a NPPp:NCPp ratio >1
(Table 1). Hence, the resulting net carbon fluxes, based on primary pro-
ductivity and discounting for CO, release during carbonate production,
indicated that the majority of the studied coralline algal beds were net
autotrophic during the summer season, expressing net carbon uptake
rates ranging from 26 mmol to 1.2 mol C m?day (Fig. 3b, Table 1). The
exception was the deepest bed in Sicily (51 m), which was net hetero-
trophic (NPP < 0) and expressed a slight net C release, while the beds with
the highest light availability exhibited the highest carbon uptake rates.

Furthermore, a large variation was also found among coralline
algal beds regarding their living rhodolith biomass, the ratio
between living:dead rhodoliths, and the amounts of CaCO3 accu-
mulated in the beds. Living rhodolith biomass was site-specific
(Fig. 3c) and the CaCOj; content (per dry weight) of these rhodoliths
varied from 89-98% (Table 2). Discounting for the latter and con-
sidering both components, living and dead rhodoliths, the resulting
amount of CaCO; accumulated in the coralline algal beds also
exhibited a large variability, ranging between 4 and 43 kgm?
(Fig. 3d, Table 2). Thus, based on available information of the area of
the studied coralline algal beds, they contain between 450 tons to
38 kilotons of CaCOj3 (Table 2).
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ANOVA; NPP, F=192.5, p<0.0001; NCP, F=175.8, p<0.0001), and (b) differences
in productivity among multiple species from a coralline algal bed in Arvoredo,
Brazil (8 m depth, n=5 per species) (one-way ANOVA; NPP, F=33.0, p<0.0001;
NCP, F=20.1, p=0.00015). Bars represent mean + SE.

Moreover, the determined slow dissolution rates of the dead algal
thalli (Supplementary Table 1), in conjunction with the standing stock
of this component in the beds, indicated that its contribution to the
net C uptake was neglectable in some beds, but could increase it in
other beds. For example, in the Gando bed, which contains a rather
large quantity of dead rhodoliths (24 kg m?), the dissolution of this
component would result in an estimated increase in the daily net C
uptake by - 12% (Table 1).

Discussion

Our data, obtained across a broad geographical scale, shows that
coralline algal beds can be highly productive marine habitats,
expressing high carbon uptake rates, and that they can accumulate
substantial amounts of CaCOs.

Currently, available information suggests that coralline algal
beds exhibit a low net productivity when compared to other
macroalgal-dominated habitats>’. Yet, this is related to the extre-
mely limited number of studies that have been focused so far solely
on temperate and cold-temperate beds, which were reported to be
mostly net heterotrophic® . By expanding the number of datasets
of coralline algal beds to include a large latitudinal and bathymetric
range, our estimates indicate that the productivity of these habitats,
and their associated net carbon uptake, is currently under-
estimated. Daily summer estimates of NPPp, and NCPp ranged
between 0.6 and - 20 g C uptake m? day’ (except for the deepest
bed in Sicily that exhibited a slight net carbon release of 0.06 g C m?
day™) and between 0.2 and 35 g CaCO; production m?, respectively.
When extrapolating these data to seasonal productivity, the net
carbon uptake due to net primary productivity during summer
ranged between 50 and 1783 g Cm? (except for the Sicilian bed,
with net release of 6 g C m?). This carbon uptake was partially offset
by the respective carbonate production, but still presented sub-
stantial values between 28 and 1347 g C uptake m?.

When comparing our estimates with recently compiled annual
productivity data sets of other macroalgal habitats’, it becomes clear
that the productivity of coralline algal beds is currently under-
estimated (Fig. 4). The mean summer productivity per area (not
extrapolated to annual values due to seasonal variability that would
likely lead to an overestimation) is within a similar range, or even
exceeding, the annual values reported for other seaweed habitats
(Fig. 4a). Likewise, considering the substantial global area covered by
coralline algal beds?, the carbon uptake associated to summer pro-
duction exceeds the values reported for other macroalgal habitats at a
global scale’ (Fig. 4b).

When comparing the estimated daily productivity of coralline
algal beds with that reported for other calcifiers and the habitats they
create, we found that the former can achieve higher values (Table 3).
The higher productivity compared to other coralline algae (e.g., CCAs)
is likely due to the high rhodolith density and the great variety of
complex rhodolith morphologies, which increase their photosynthetic
surface area*’. The higher estimates of daily primary (organic carbon)
production of coralline algal beds are accompanied by daily carbonate
production rates similar to those found in other calcifiers, resulting in
NPP:NCP > 1 for most of the beds (Table 3). Lower values of organic to
inorganic carbon production (NPP:NCP<1) are often reported for
coral reefs, driving a normally low carbon uptake, a fact that led to the
general assumption that these habitats are sources of atmospheric
CO,, rather than sinks?®*%, On the other hand, the elevated NPP of
coralline algal beds leads to a daily net carbon drawdown, despite their
substantial carbonate production (Table 3). Hence, our results show
that high carbonate production does not preclude net carbon uptake
and confirm that the relative importance of the organic versus inor-
ganic carbon cycle is a strong driver for the carbon sink/source duality
in these habitats, as it has long been suggested for coral reefs™**., Still,
our estimates do not take into account the contribution of the asso-
ciated community to productivity-related carbon fluxes (as is the case
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Fig. 3 | Relative comparison of the productivity and biomass/CaCO; standing
stocks of Atlantic and Mediterranean coralline algal beds. a Daily net primary
productivity (green- net C uptake, dark red- net C release) and net carbonate

production (white) of rhodolith populations, and (b) the resulting daily net carbon

(d) Carbonate accumulation (kg m2)

flux (mol C m?; blue- net C uptake, orange- net C release). Inlet picture in (a, b)
highlights enlarged (20 x) productivity and carbon flux of Sicilian bed. ¢ Living
rhodolith biomass and (d) CaCO3; accumulated in the beds. For data, see
Tables 1 and 2.
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Table 1| Summary of mean (+ SD) productivity of Atlantic and Mediterranean coralline algal beds, the resulting net DIC fluxes
(negative- C uptake, positive- C release) and daily integrated carbonate dissolution rates of dead rhodoliths and estimated
associated CO, flux (W =0.6 mol CO, per mol CaCO; dissolved®*®*)

Site NPPp NCP;p Net DIC flux NPPp:NCP, CaCO; dissolution CO, flux due to dissolution
(mmol C uptake m2day”) (mmol CaCO; m?day”’) (mmol C m?day”) (mmol m? day™) (mmol m? day™)
Galway 89.9 (+19.5) 22.2(+2.5) -86.6 (£14.2) 42(+0.6) 1.2(+0.8) -0.75 (£ 0.5)
Armagéo de Péra 148.6 (+42.7) 44.8 (+14.5) -112.4 (+25.2) 3.6(+£1.3) 12(+0.4) -0.71(x0.2)
Porto Santo 46.0 (£21.4) 33.9(%10.3) -25.9(%15.7) 1.6(x1.0) 12.8(+1.4) -7.7 (+0.8)
Madeira 86.2 (£23.7) 26.4 (+3.9) -75.6 (£21.9) 3.2(+0.5) 0.6(+£0.4) -0.35(+0.2)
Gando 256.9 (+£27.8) 70.8 (+10.7) -176.9 (£22.4) 3.7(+0.5) 35.9(14.8) -21.6 (£8.9)
Arguineguin 768.9 (+51.9) 180.7 (£16.4) -574.9 (+61.0) 42 (+£0.6) 3.3(x1.4) -2.0(+0.8)
Taranto 745.1 (+151.3) 177.1 (£ 36.0) -535.6 (+99.8) 4.6(+£0.3) -
Sicily* -5.2 1.9 5.6 2.7 1.7 (£0.3) -1.01(£0.2)
Arvoredo* 1650.9 349.3 -1247.0 4.7 22.6 (£11.5) -13.6 (+6.9)

*Mean (NPPp:NCPp) or sum of the productivity of a multiple-species population.

Table 2 | Summary of standing stocks of Atlantic and Mediterranean coralline algal beds, including biomass and carbonate
content of living rhodoliths, ratios of live:dead, and the amount of carbonate accumulated (per m? and per bed)

Site Rhodoliths Mean CaCO; content Live:dead CaCO; Area (m?) CaCOj Reference (area)
(kg DW m?) (% of DW) rhodoliths (kg m?) (kilotons)
Living Dead
Galway 3.1(+1.2) 1.3(+0.4) 923 2.6 (£1.1) 4.2 (£1.0) - -
Armagdo de Péra 11.1(£2.5) 21(x12) 922 6.3 (£2.6) 12.7 (+£3.0) 3000000 38.1 85
Porto Santo 29.0(+6.1) 17.9(+7.2) 976 21(+1.4) 46.3 (+10.7) 101081 4.7 86
Madeira 15.7 (£4.8) 1.0(%1.7) 95.6 41 (+36) 16.0 (+4.9) 28403 0.45 86
Gando 15.4 (£3.3) 24.3(+4.3) 95.8 0.6 (0.2 39.1(+6.1) 900000 35.2 87
Arguineguin 14.8 (+6.9) 1.8(%17) 94.8 18 (+15) 15.9 (+7.0) 50000 0.79 Tuya (pers. comm.)
Taranto N.7(£1.6) 0.7(+£0.7) 923 35 (+34) 1.6 (£1.8) 50000 0.62 88
Sicily* 25(+£0.8) 17(x0.6) 957 1.6 (£0.5) 4.1(£1.2) - -
Arvoredo* 18.1(+3.5) 35(x1.6) 893 7.1(+£4.9) 19.9 (+2.3) 100000 2.2 89
For the latter, available estimates of the bed area were used. Data are mean (+SD).
()
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0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.05 0.50 1.00 1.50

Fig. 4 | Comparison of net primary productivity (NPP) of macroalgal habitats.
a Reported area-based net productivity’ (n = indicated in brackets) and data
obtained in this study (*summer only, n =9 locations). Data are presented as

NPP (kg C m™2 year™)

Global NPP (Pg C year™)

means + SE. b Estimated global productivity (in petagrams)’, based on estimated
global areas of the different habitats (for studied coralline algal beds, the global
area estimate of 4.12 x 106 km? was used”) and mean NPP values (a).
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Table 3 | Examples of productivity-associated carbon fluxes of calcifiers (CCA- crustose coralline algae) and their habitats
(P- population-level estimations, C- community level estimations)

Calcifier/habitat NPP NCP NPP:NCP Net DIC flux Reference
Coralline algal populations (P) -5.2 -1650 1.9-349 -2.7-4.7 16 -1349 This study
Temperate coralline algal population (P) -66 -53 2-126 167-23* 23
Mediterranean CCA (P) 14 23 0.6 10.2* 90
Tropical CCA (P) 14-109 8-91 11-2.8 $9-72* 91,92
Temperate coralline algal bed (C) -29 - -53 0.5-27 M29-35* 24
Temperate coralline algal bed (C) - - 18.6 26
Mediterranean articulated coralline algae (C) 20 8 25 V15* 20
Coral reef (C) -0.4 -10 2.5-253 0.01-2.4 ™46 -480 Reviewed in

100 94 1.1 V44> 93

163 243 0.7 ™.5 94

-20 -110 190-200 -0.1-0.6 14-140* 95

100 390 0.3 ™M34* 96
Algal-dominated reef (C) 8 0.8 10 V10 17

Daily net primary (NPP) and carbonate productivity (NCP) estimates (mmol C uptake or mmol CaCO3 m?2 day”), their ratios (NPP:NCP), and estimated net DIC flux dynamics. Data shown are means or
ranges (- C release, V - C uptake, *estimated by using ¥ = 0.6 to account for CO, release associated to carbonate production).

in the coral reef estimates; Table 3). Depending on its composition, the
associated community contributes differently to the net carbon fluxes,
which may cause shifts in NPP:NCP ratios, as illustrated by the large
differences in the NPP:NCP ratios and net carbon fluxes of coral reefs
versus algal-dominated reefs (Table 3). Our estimated ratios are likely
to be higher in cases where the coralline algal bed harbors a large
amount of rhodolith-associated algae, due to their contribution to the
community NPP?. On the other hand, a high abundance of fauna in
coralline algal beds might lead to lower NPP:NCP, due to higher
respiratory carbon release, as demonstrated by the lower NPP esti-
mates of a temperate coralline algal community with large faunal
biomass*, compared to higher values when considering only their
rhodolith population® (see Table 3).

Coralline algal productivity also expressed a large variability
among beds, which was strongly driven by in situ light availability, with
a low contribution of temperature. This is consistent with previous
findings of a depth-related decrease in productivity for Lithothamnion
corallioides from the Bay of Brest, France”. In contrast, recent global
models pointed towards a higher contribution of temperature to
macroalgal habitats’ NPP, while light had a rather low contribution’.
This discrepancy might be related to the type of habitat analyzed (e.g.,
intertidal and subtidal marine forests, algal turfs) that encompassed a
broader biogeographical range, but also to the use of irradiance
derived from satellite data in the models, instead of in situ irradiance
based on measured Kpar. The latter can vary greatly among locations,
e.g. with higher Kpar at very shallow coastal locations (see Supple-
mentary Fig. 2). Moreover, rhodolith species composition is also a
contributing factor to the observed high variability in productivity
among beds, as the species can exhibit strong differences in net pro-
ductivity (primary and carbonate production) and hence, associated
carbon uptake/release. This finding is consistent with evidence pro-
vided by other studies, showing that large differences exist among
rhodolith species regarding their maximum physiological perfor-
mance, the ratio of photosynthesis to calcification, and nighttime
calcification rates? .

Our study also provides an inventory of substantial, but highly
variable CaCO; deposits in coralline algal beds (Table 2). While car-
bonate productivity of the respective coralline algal communities
might have some influence, the occurrence of either dense or sparse
accumulations of rhodoliths and hence, carbonate deposits in specific
locations and depths, is mainly driven by local shelf morphology and
hydrodynamic processes, such as wave-induced turbulence***°. Like-
wise, the size of the carbonate deposits is also influenced by the

thickness of the coralline algal bed, which has been shown to express a
large variability, ranging from a single to multiple layers of rhodoliths,
with reported values of 25 cm to 2 m in Northern European beds™*.
Similarly, a thickness of several meters has been reported in the Gulf of
California, mainly formed by dead algal nodules/fragments, while liv-
ing rhodolith thalli form 2-20 cm thick surface layers®. In our study,
high but also largely variable amounts of CaCO; were found
(4-46 kg m?). Similar values and variability have been reported for
coralline algal beds along the Brazilian coast®, with values ranging
between 15 and 35kgm?, in the Bay of Brest, France®, with values
ranging between 1.8 and 14.5kgm? and in the Mediterranean*
20.4 kg m? have been reported. This large variability, together with the
large range of areal extensions of the studied coralline algal beds,
resulted in a large range of the amounts of carbonate contained in the
beds (0.4-38 kilotons). At present, this kind of information is extre-
mely scarce, due to the lack of information on CaCO; deposits and
areal extensions of coralline algal beds, but a similar value has been
reported from a coralline algal bed in the Tyrrhenian Sea,
Mediterranean®, with 2.85 kilotons (bed size ~ 14 km?).

Our data further indicate that coralline algal beds vary greatly in
the amount of accumulated dead calcareous thalli/nodules, with ratios
of live:dead rhodoliths ranging between 0.6 and 41. These values fall
within the similar highly variable range of ratios reported from Atlantic
North West Spain (0.2-99)%, in the Bay of Brest (25-78)%, in the
Mediterranean (1-78)*°"°, while in California ratios between 1 and 5
have been reported®®. The dissolution of the CaCOs contained in the
dead algal nodules/thalli, due to bioerosion, microbial respiration and/
or underlying sediment redox potential, is a component that has so far
not been considered in coralline algal-bed associated carbon flux
dynamics. By estimating CaCO; dissolution rates of dead algal
nodules/thalli, and using simple stoichiometry of CO, removed from
the seawater due to dissolution (i.e., ¥=0.6mol)****, our results
indicate that in coralline algal beds with a high proportion of dead
thalli, the dissolution can partially offset the calcification-association
CO; release (e.g., by ~50% in Gando; Table 1). Moreover, the currently
increasing anthropogenic CO, emissions, and related future projec-
tions, will likely change the contribution of the CaCO;3 production/
dissolution dynamics on the net carbon fluxes of these habitats,
though not in a straightforward manner. Ocean acidification will not
only decrease coralline algal calcification®, but also accelerate the
dissolution of their dead skeletons, either directly due to the lower
pH***® or indirectly due to its effect on bioeroders®”. On the other
hand, the projected increase in W with increasing atmospheric pCO,
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Fig. 5 | Sampling sites across the Atlantic and the Mediterranean. Map shows the coralline algal bed locations where rhodoliths were sampled and photos show the
respective rhodolith communities (photos, white scale indicates 5cm).

and temperature (e.g., from 0.6 to 0.72 and 0.84 at 500 ppm and 1000  sets, including a wide bathymetric and geographical scale. This, toge-
ppm, respectively)** will have opposing effects on the CaCO5-pump  ther with increasing efforts to resolve the areal extent and depth dis-
associated CO; fluxes, i.e. projected decrease in calcification will be  tribution of coralline algal beds at high resolution, will allow
associated with higher CO, release, while increased dissolution will quantifying the absolute magnitude and direction of their associated
remove higher amounts of CO, from the water column. carbon fluxes and carbonate deposits, as well as allowing to project
Understanding the oceanic carbon cycle, and its importanceinthe  potential changes in the future, as the oceans continue to warm and
global carbon budget, requires in-depth knowledge of the associated absorb anthropogenic CO, emissions.
carbon source/sink dynamics, such as those associated with the bio-
logical and CaCO; pump. Yet, large knowledge gaps persist, regarding Methods
the productivity and carbon fluxes associated with major marine

Study sites and sampling

habitats, e.g. those built by macroalgae and calcifiers. Recently, sound Rhodolith samples were collected from nine coralline algal beds
arguments for the large carbon uptake and sequestration capacity of

(2-51m depth) at the Northeastern Atlantic coast, in the Mediterra-
macroalgal forests have been brought forward, based on their vast nean, off the coast of northwestern Africa and in southern Brazil, by
areal extent and high productivity>**°. Here, we expand this call of SCUBA diving during the warm season, i.e. early to late summer (Fig. 5,
attention to coralline algal beds, based on their substantial global area  Supplementary Table 2). Immediately after collection, samples kept in
extension?, high productivity and associated carbon uptake, as well as  coolers with seawater were transported to a nearby laboratory facility.
their significant CaCOj3 deposits. For the duration of the experiments (1-3 days), the rhodoliths were

Our study represents an advancement towards a better under- kept in tanks (V=60-100L) with circulating seawater, at the tem-
standing of the important role of coralline algal beds in the oceanic  perature recorded during sampling and at the light intensity recorded
carbon cycle, despite some limitations. The here used organism-level at the collection depth (Supplementary Table 2).
approach provided only snap-shot summer productivity estimates for
the coralline algal populations of the beds. Thus, an important next Species identification
step will be to collect seasonal in situ productivity estimates (popula-  Atlantic rhodolith species were identified, as described®, and inclu-
tion- and ecosystem-level), to calculate annual budgets for the habi- ded: Phymatolithon calcareum (Ireland), P. lusitanicum (South Portu-
tats’ productivity and associated carbon flux dynamics. Furthermore,  gal), the conspecific Phymatolithon sp. (Madeira and Canary Islands)
in order to obtain meaningful global estimates and to identify general and Roseolithon crispatum (as Lithothamnion crispatum), Melyvonnea

patterns and drivers, e.g. influence of environmental factors and erubescens and Lithophyllum atlanticum from South Brazil (Supple-
associated community, it is essential to augment the number of data mentary Table 1). Specimens of the Mediterranean species
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Neogoniolithon brassica-florida (Taranto), and Lithophyllum racemus,
Lithothamnion sp. and Spongites sp. (Sicily), used for the physiological
measurements, were identified a posteriori, based on molecular tools.
As Lithothamnion sp. and Spongites sp. were visually indistinguishable,
a combination of specimens of both were used in the measurements
and the data pooled together. For the identification, DNA was extrac-
ted from the 15 specimens from both Mediterranean locations (5 from
Taranto and 10 from Sicily), using a E.Z.N.A.® Tissue DNA Kit (Omega
Bio-tek, United States) following the manufacturer protocol. The psbA
locus was amplified, using primer pairs: psbA-F1 (ATGACTGCTACTT-
TAGAAAGACG, primer sequence 5-3)/psbA-R1 (GCTAAATC-
TARWGGGAAGTTGTG, primer sequence 5-3)°® and the thermal
profile for amplification and PCR reaction followed®. The PCR product
was purified and sequenced by the SAI-UBM department of the Uni-
versity of Corufa, Spain. Sequences were assembled with the assis-
tance of CodonCode Aligner® (CodonCode Corporation, USA),
adjusted by eye using SeaView version 47°, and submitted to the Bar-
code of Life Data Systems (BOLD)"* and GenBank. Sequences gener-
ated in the present study were compared with publicly available
sequences for this group of red algae in GenBank (-7300 sequences).
Estimates of genetic distance (uncorrected p-distances and number of
base pair difference) were calculated in MEGA v. 6% The low pairwise
sequence divergence between the psbA sequences generated in the
present study and publicly available sequences resulted in the identi-
fication of Neogoniolithon brassica-florida in Taranto (0-0.8-%; 0-6 bp
difference with Gb acc. no. sequences JQ896257, FJ361443, and
FJ361401) and Lithophyllum racemus in rhodoliths of Sicily (0-0.4 %;
0-3bp difference with the neotype, GB acc. no. MT3257777%). The
remaining five rhodoliths collected from Sicily were temporarily
identified as genus level: two rhodoliths were identified as Litho-
thamnion sp. based on the low divergence found with another Litho-
thamnion sp. (0.4-0.5%; 3-4 bp difference with Lithothamnion sp. from
Vulcano Island, Italy, Gb acc. no. MZ438379"*). The remaining three
specimens were identified as Spongites sp., due to the high inter-
specific divergence found with any publicly available sequence pro-
vided for species of this genus ( >3.8%, 30 bp difference), including the
Mediterranean Spongites fruticulosus (>5%, 40 bp difference with the
sequence GB acc. n°® MT325755 conspecific with the epitype of this
species’™").

Rhodolith biomass, carbonate content and carbonate

standing stocks

For biomass determinations, rhodoliths were collected either using
ten randomly placed quadrats (25x25cm) or, in case of beds with
multiple rhodolith layers (>10cm thickness, i.e. Porto Santo and
Arguineguin), by a PVC corer (@ 11cm), collecting the uppermost
10 cm (n=10 cores). Each quadrat (or core) sample was bagged and
brought back to the laboratory, where the samples were separated into
dead (distinguishably gray or white colored) and living rhodoliths. In
Brazilian and Sicilian coralline algal beds (dominated by multiple
species) samples were further separated into the different species
using morphological characteristics. All samples were oven-dried at
60°C, for at least 48h, and weighted for dry weight (DW)
determination.

To determine the amount of carbonate per m? of coralline algal
bed, for the living rhodolith component, which also contains a non-
carbonate fraction (mainly organic matter), the amount of carbonate
was estimated in subsamples. Specifically, a subsample (n = 5) of living
samples per site and species were dried at 60 °C and weighted, dec-
alcified with 2 M HCI, washed with distilled water, dried again at 60 °C,
and weighted. The change in weight of the rhodoliths was calculated to
be the carbonate content of an individual as a % of DW, which was then
extrapolated to calculate the amount of CaCO; of the living rhodolith
component as kg m? In addition, the dry weight of the dead rhodolith
proportion was considered to be composed of 100% CaCO;

(DW =CaCO; content), as previous decalcification tests showed that
the contribution of other material (e.g., sand, shells) was minimal
(<1%). Both carbonate components were then added to obtain the total
amount of CaCO; per m? of coralline algal bed.

Light conditions at the sampling sites

Daily light availability and variation at the different coralline algal beds
were obtained, using light attenuation coefficients (Kpar) measure-
ments and incident light data, recorded at the different sites during
sampling (Supplementary Fig. 2). Kpar Was obtained through in situ
measurements of light profiles in the water column (n=>5-6 per site)
during sample collection, using an underwater quantum sensor (LI-
192, LI-COR Environmental, USA), attached to a LI-250A Light Meter
(LI-COR Environmental, USA). In the case of the southern Brazilian site,
a region influenced by strong coastal upwelling associated with fre-
quent and strong winds, reported mean summer Kpar values were
used’®. In addition, a light data logger (Odyssey, Dataflow Systems Pty
Ltd, New Zealand), calibrated against a quantum sensor (LI-192, LI-COR
Environmental, USA) attached to a LI-1400 data logger (LI-COR Envir-
onmental, USA), was used to record the incident light during the
sampling week. For other sites, such as Galway and Arvoredo, available
records were used from continuous recordings of incident irradiance
(umol photons m™ s), measured on the roof of the Martin Ryan
Building, NUI Galway, using a LI-100 Light datalogger (LI-COR Envir-
onmental, USA), and from the Company of Agricultural Research and
Rural Extension of Santa Catarina’’, respectively.

Rhodolith photosynthesis and calcification

Rhodolith individuals from each site (n = 5 per species and site; 3-4 cm
in diameter), carefully cleaned with a toothbrush to remove epiphytes,
were incubated with filtered seawater (0.45um) in sealed custom-
made water-jacketed plexiglass chambers (V=150 mL), with internal
mixing provided by a magnetic stirrer. Temperature during incubation
was set to the temperature recorded during collection (Supplementary
Table 2) and controlled by connecting the external water jacket to a
temperature-controlled water bath. After an initial incubation in
darkness to determine dark respiration rates (R), rhodoliths were
exposed to a series of increasing light intensities. The incubation time
at each light intensity varied between 0.5 h for the Brazilian species, to
1h for the other species. This was based on previous incubations,
testing different times, to ensure a high enough signal-to-noise ratio
for the measured parameters. At the beginning and end of each incu-
bation, water samples were taken, poisoned with HgCl,, and stored in
borosilicate tubes (two tubes per incubation chamber, V=25 mL each)
for total alkalinity (TA) analyses. Afterwards, rhodoliths were dried
(48 h at 60 °C) and their dry weight was used to normalize metabolic
and calcification rates.

The calcification rates of the rhodolith species were determined
using TA measurements of seawater samples before and after each
incubation. For TA measurements, duplicate analyses of each sample
were performed, using the Gran titration method’®”’. The samples
were titrated with HCI 0.1M, using an automated titration system
(Titroline 7000, SI Analytics, Mainz, Germany), coupled to an auto-
sampler (TW alpha plus, SI Analytics, Mainz, Germany). Data were
digitally captured and processed using Titrisoft 3.2 software (SI Ana-
lytics, Mainz, Germany). For quality control, a certified reference
material of known total alkalinity was used to calibrate the method
(CRMs, supplied by the Marine Physical Laboratory, Scripps Institution
of Oceanography, USA). Similarly, at each site, dead rhodoliths were
collected and incubated for 3-4 h, under dim-light conditions (n=5
per site), as described above, to determine carbonate dissolution rates.

Data analysis
Biomass-specific net photosynthesis (Pn), respiration (R), and calcifi-
cation (G), at each light intensity, were calculated through the
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difference between initial and final concentrations®. From those data,
the maximum photosynthetic and calcification rates (Pnmax, Gmax)
were obtained from the average of the maximum values above satur-
ating irradiance, while the quantum efficiency () for each parameter
was estimated from the initial slope of the light response curve by
linear least-squares regression.

To quantify CaCO; precipitation and dissolution, total dissolved
inorganic carbon fluxes (DIC flux) and carbon fluxes associated with
net photosynthetic and respiration rates, the pH-TA technique was
used®*®, DIC concentrations were estimated using the Excel macro
C02SYS*?, with pH, TA, temperature and salinity as inputs. Setting in
CO2SYS were set to the NBS pH scale and the constants from Mehr-
bach et al. (1973), refit by Dickson and Millero (1987)%. Calcification
and dissolution rates were determined by the total alkalinity-anomaly
technique®. Considering that TA and DIC decrease by 2 mol and 1 mol,
respectively, per mol of CaCOj; precipitated, the change in DIC, asso-
ciated to calcification (G), was then subtracted from ADIC to provide
an estimate of the inorganic carbon uptake related to net primary
production (Pn).

G (umol CaCO; g ' DWh™)=(ATA'V)/2 DW't) @
DIC flux (umol Cg DW h™1) =[(ADIC'V)/(DW t)] Q)
Pn or R(pmol Cg ! DWh™)=DIC flux — G 3)

where ADIC (umol L?) and ATA (meq. L?) are the changes in the con-
centration of DIC and total alkalinity during the incubation, respec-
tively, V is the chamber volume (L), t is the incubation time, and DW is
the dry weight of the rhodolith (g).

Daily integrated (24 h) productivity was calculated using the
in situ daily irradiance at the respective sampling site, averaged
over the sampling week (see Supplementary Fig. 2), and the pho-
tosynthetic or calcification efficiency («) and maximum net pho-
tosynthetic or calcification rate from the measured light curves
(Supplementary Fig. 3, Supplementary Table 1). Daily net primary
production (NPP) and net carbonate production (NCP) was
obtained by integrating the net photosynthesis or light calcifica-
tion during daytime (12-14 h, depending on site and date) and the
dark respiration or dark calcification during the night-time period
(10-12 h, depending on site and date). Subsequently, the living
rhodolith biomass (g DW m?) of the respective coralline algal bed
was used to calculate daily productivity of the rhodolith popula-
tions, NPPp, and NCPp (m? coralline algal bed). Similarly, the bio-
mass of dead rhodoliths and their respective dissolution rates
(24 h) were used to calculate the daily carbonate dissolution of the
different beds and the associated CO, removal. The latter was
obtained, using a W (psi, released CO,/precipitated carbonate)
determined in seawater of 0.6°*°*,

To test if and to which degree the daily in situ light and tem-
perature conditions, at the different coralline algal beds, contributed
to the variation in NPP and NCP, Generalized Additive Models (GAMs)
were fitted using the mgcv R package®. All models were fitted through
a Poisson family error structure and a log link function, with the basis
dimensions of the smooth terms (thin plate regression splines) limited
to 3 knots to avoid overfitting and ensure monotonic relationships. We
checked for normality and homoscedasticity of model residuals
through visual examination.

Separately, after testing for normality and heteroscedasticity,
using the Shapiro-Wilk and Levene’s tests, respectively, one-way
ANOVAs were used to test for significant differences in productivity
rates of Phymatolithon sp. from different Lusitanian (Madeira, Porto
Santo, Gran Canaria, sensu®') coralline algal beds, as well as for dif-
ferences among the three species dominating the Brazilian bed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within the paper and its supplementary information files.
The nucleotide sequences of the psbA genes from the here identified
species have been deposited in GenBank under the accession numbers
PQ299081-PQ299095.
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