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Coastal areas play an important role on carbon cycling. Elucidating the dynamics on
the production, transport, and fate of organic carbon (OC) is relevant to gain a better
understanding on the role coastal areas play in the global carbon budget. Here, we
assess the metabolic status and associated OC fluxes of a semi-enclosed Mediterranean
bay supporting a meadow of Caulerpa prolifera. We test whether the EDOC pool is a
significant component of the OC pool and associated fluxes in this ecosystem. The Bay
of Portocolom was in net metabolic balance on a yearly basis, but heterotrophic during
the summer months. Community respiration (CR) was positively correlated to C. prolifera
biomass, while net community production (NCP) had a negative correlation. The benthic
compartment represented, on average, 72.6 ± 5.2% of CR and 86.8 ± 4.5% of gross
primary production (GPP). Dissolved organic carbon (DOC) production peaked in summer
and was always positive, with the incubations performed in the dark almost doubling
the flux of those performed in the light. Exchangeable dissolved organic carbon (EDOC),
however, oscillated between production and uptake, being completely recycled within the
system and representing around 14% of the DOC flux. The pools of bottom and surface
DOC were high for an oligotrophic environment, and were positively correlated to the pool
of EDOC. Thus, despite being in metabolic balance, this ecosystem acted as a conduit
for OC, as it is able to export OC to adjacent areas derived from allochtonous inputs
during heterotrophic conditions. These inputs likely come from groundwater discharge,
human activity in the watershed, delivered to the sediments through the high capacity of
C. prolifera to remove particles from the water column, and from the air-water exchange
of EDOC, demonstrating that these communities are a major contributor to the cycling of
OC in coastal embayments.
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INTRODUCTION
Coastal areas are hotspots for carbon cycling (Wollast, 1998).
Shallow waters enable the colonization of the seafloor by pri-
mary producers on a narrow band where enough light reaches
the bottom (Gattuso et al., 2006). The autotrophic nature of
vegetated coastal ecosystems implies that they export substantial
amounts of carbon for consumption by heterotrophic commu-
nities elsewhere (Duarte and Cebrián, 1996; Barron et al., 2014)
and are sites of intense carbon burial, contributing about half
of the total burial of organic carbon (OC) in marine sediments
(Duarte et al., 2005, 2013). Delivery of macrophyte carbon occurs
mainly through three pathways (cf. Duarte and Cebrián, 1996),
direct herbivory by consumers, and subsequent incorporation to
the food web (Hauxwell et al., 1998), shedding and fragmenta-
tion of detrital tissue (Kristensen et al., 1992), and direct release of

dissolved organic carbon (DOC, Penhale and Smith, 1977; Barrón
and Duarte, 2009; Barron et al., 2014), which can account for
1–10% of photosynthetic carbon fixation (Wetzel and Penhale,
1979; Velimirov, 1986; Ziegler and Benner, 1999).

DOC is the fundamental pool of reactive carbon, fueling
the microbial loop in the oceans (Hansell and Carlson, 2002).
Exchangeable dissolved organic carbon (EDOC), comprised of
a wide variety of largely unresolved volatile and semi-volatile
organic compounds (VOC and SOC) is, however, a largely
ignored component of the DOC pool, which is operationally
restricted to non-purgeable DOC in most applications (Spyres
et al., 2000). Nonetheless, available reports (Dachs et al., 2005;
Ruiz-Halpern et al., 2010, 2014) have confirmed that EDOC is
a significant component of the marine OC pool, representing
30–67% of DOC. Furthermore, this carbon pool can be effectively
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exchanged with the air, affecting atmospheric chemistry (Arneth
et al., 2010) and be transported and deposited elsewhere, result-
ing in the redistribution of carbon at regional and global scales
(Dachs et al., 2005; Jurado et al., 2008). Macroalgae produce a
variety of volatile and semi-volatile compounds (Bravo-Linares
et al., 2010), only a few of which are generally measured. The

single assessment available to date, reports Arctic macroalgae to
be a source of EDOC to the ecosystem, releasing 0.44 µmol C g
dry wt−1 d−1 (Ruiz-Halpern et al., 2010). This study also demon-
strates the sediments of the Greenlandic fjord studied to be an
important source of EDOC, releasing an equivalent of 12% of
the sedimentary POC flux. Whether these results are unique to

FIGURE 1 | Map of the island of Majorca in the Mediterranean Sea, with the inset showing the Bay of Portocolom with the sampling site marked by a

flag.
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the fjord studied or EDOC is, in fact, an important compo-
nent of the carbon pool and fluxes of coastal ecosystems remains
unresolved.

In this study, we assessed the metabolic status and associated
OC fluxes of a semi-enclosed Mediterranean bay supporting a
meadow of Caulerpa prolifera. In particular, we test whether the
standing stock of EDOC is a significant component of the OC
pool and associated fluxes in this ecosystem.

MATERIALS AND METHODS
The study took place in Portocolom, a semi-enclosed
Mediterranean bay, in the Southeast of the island of Mallorca
(39◦25′04′′N, 3◦15′40′′E, Figure 1). The bay has been subject
to human influence and receives important loads of nutrients
and organic matter through groundwater discharge (Basterretxea
et al., 2010), as well as from deficient sewage systems. Fish
farming activities, conducted in the interior of the Bay during 22
years until 2005, and the high nutrient and organic inputs from
the surrounding town and boating activity have further increased
the organic and nutrient pools in the sediments (Vaquer-Sunyer
et al., 2012). The study site corresponded to muddy sediments
covered by a thick canopy of the green algae Caulerpa prolifera.
Located on the Western area of the bay, sheltered from storms
by land. Caulerpa prolifera (Forsskal) (Lamouroux, 1809), is
an opportunistic native species widely distributed throughout
the Mediterranean Sea, except for the colder waters of the Gulf
of Lion and the Adriatic Sea (Sanchez-Moyano et al., 2001).
Sheltered and muddy sediments shallower than 20 m, an abun-
dant habitat in the Bay (Holmer et al., 2004), are the preferred
sites for growth of this macroalgae (Sanchez-Moyano et al., 2001;
Mateu-Vicens et al., 2010).

The bay was sampled monthly from February 2009 to January
2010. Polymethylmethacrilate (plexiglass) sediment cores (0.005
m2 i.d) were collected and incubated at in situ light and temper-
ature conditions to assess benthic metabolic rates. Surface water

FIGURE 2 | Relationships between temperature and DOC: closed

squares represent DOC in bottom waters where the collection of cores

took place (R2 = 0.84), open circles represent DOC collected just

below the surface of the water (R2 = 0.82). Both relationships are
significant (p < 0.05).

samples were collected in the Bay using 20 L carboys, and benthic
cores were extracted from 2.8 m depth by SCUBA diving, con-
taining a random sample of the benthic community, dominated
by Caulerpa prolifera, but also containing infaunal macroinverte-
brates, as well as bacteria and phytoplankton associated with the
sediments and living in the overlying water.

Metabolic rates of both the planktonic and benthic commu-
nities were derived through O2 evolution in triplicate light and
dark cores incubated at in situ temperature and incident solar
radiation. For planktonic metabolism, water samples were care-
fully siphoned into a variable number of 75-ml narrow-mouthed
Winkler bottles. Between 22 and 26 bottles were filled for each
experiment, resulting in 7–12 replicates per treatment, with most
treatments having 7–8 replicates. The samples were incubated
in “light” and “dark” conditions at in situ temperature for 24 h.
“Light” incubations were covered with mesh to reduce light pen-
etration and mimic the conditions found in the field. “Dark”
incubations were completely covered, achieving 100% opaque
conditions. The incubation time of the “dark” cores varied from
24 h to a minimum of 4 to avoid the development of anoxic con-
ditions. For benthic metabolic rates, triplicate “light” and dark
cores were incubated in the same conditions as for planktonic
rates. Before the incubation, rubber stoppers used to extract the
benthic cores were replaced by polymethylmethacrilate stoppers
with an O-ring to avoid gas diffusion between water in the core
and surrounding incubation water, and magnetic stirrers inserted
to ensure mixing along the height of the core. These stoppers had
three sampling ports to sample water at the termination of the
incubations. To determine initial oxygen content in the benthic

FIGURE 3 | Relationship between ambient DOC and EDOC collected in

bottom waters where core collection took place. Although there is a
tendency toward higher values of EDOC with high DOC concentrations, the
relationship is not significant (R2 = 0.22, p > 0.05).
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cores, after changing the stoppers, Winkler bottles were carefully
filled by siphoning the overlying water from the benthic cores
using a silicon tube fitted in one of the three sampling ports.
The same procedure was used to determine final oxygen content
in the benthic cores after incubation. Initial samples were fixed
immediately. All other bottles and benthic cores were incubated
in 50 L tanks with a re-circulating, temperature controlled water
bath with a light dimming mesh to mimic the conditions found
in the field.

Dissolved oxygen was fixed immediately after the end of the
incubation period and analyzed by high-precision Winkler titra-
tion, using a precise automated titration system with potentio-
metric (redox electrode) end-point detection (Mettler Toledo,
DL28 titrator), after Carpenter (1966) and Oudot et al. (1988).
The precision of our estimates for free water and benthic cores
combined was 1.99 ± 0.27% with a range of 0.05–16.94%
and median of 0.79%. Metabolic rates were calculated from
the change in oxygen concentration after incubations, relative
to the initial concentration and expressed as mmol O2 m−2

d−1. The rate of change in oxygen concentration in light and
dark incubations provided estimates of net community produc-
tion (NCP) and community respiration (CR), respectively, and
gross primary production (GPP) was calculated as the differ-
ence between the NCP and CR. The ratio between GPP and CR
provides an additional indication of the metabolic state of the
community, as GPP/R < 1 indicates net heterotrophic commu-
nities while GPP/R > 1 correspond to autotrophic communi-
ties. Ratios close to 1 indicate communities close to metabolic
equilibrium.

A separate set of triplicate light and dark cores, identical to
the ones used for metabolic rates and incubated in the same con-
ditions, also allowed estimation of the net production of DOC
(Barrón and Duarte, 2009) and EDOC by the community. The

initial concentrations of DOC and EDOC were derived from sam-
ples taken from duplicate cores, collected in parallel to the onset
of the incubation to minimize differences with the initial condi-
tions for these incubations. At the time of core collection, samples
for measurements of DOC concentration in surface and bottom
waters were collected, and water temperature measured (Figure 1,
Supplementary Material). DOC was collected in duplicate 10 mL
pre-combusted (4.5 h, 500◦C) glass ampoules sealed under flame
and stored prior to analysis in the laboratory on a Shimadzu
TOC-Vcsh with standard non-purgeable organic carbon (NPOC)
techniques (Spyres et al., 2000). Standards provided by D. A.
Hansell and W. Chen (University of Miami) of 2 and 44 µmol C
L−1 were used to assess the accuracy of our DOC measurements,
this resulted in an accuracy better than ±5%. The overlying water
from the sediment cores was carefully siphoned from the cylin-
der with a silicon tube and transferred to an acid clean bottle
to measure the EDOC concentration following the procedure by
Dachs et al. (2005). Water samples were bubbled with high-grade
(5.0) pure nitrogen. The evolved gas containing EDOC, was redis-
solved in 50 mL of ultrapure miliQ water, acidified to a pH < 2
with concentrated (85%) H3PO4 and then transferred to tripli-
cate pre-combusted (as for DOC) glass ampoules, stored in the
laboratory and analyzed as for DOC, without the sparging pro-
cedure. Field blanks were obtained by bubbling nitrogen onto the
acidified water trap, without any sample water, but were only used
to determine ambient EDOC in bottom waters. Production esti-
mates did not require the assessment of blanks since they were
calculated as the difference between initial and final conditions,
eliminating their need since any error from contamination was
removed by the calculation procedure. Monthly rates of OC pro-
duction are reported as the mean ± standard error (S.E, n = 3) of
the cores. The annual metabolic balance and fluxes of EDOC and
DOC was calculated as the mean ± S.E of all monthly estimates

Table 1 | Sea surface temperature, EDOC in bottom waters, and DOC in bottom and surface waters in the bay of Portocolom.

Time T EDOC-bottom DOC-bottom DOC-surface DOC*

Year Month ◦C µmol C L−1 µmol C L−1 µmol C L−1 mmol C m−2

2009 February 15.5 52 149 n.d n.d

March 16 16 134 n.d n.d

April 17 33 98 n.d n.d

May 18 35 n.d n.d n.d

June 21 58 201 n.d n.d

July 27 45 246 n.d n.d

August 28 64 226 179 567

September 28 32 275 186 645.4

October 25 97 201 118 446.6

November 22 41 168 93 365.4

December 14 78 136 76 296.8

2010 January 13.5 34 102 69 239.4

Annual mean 20.4 ± 1.6 48.8 ± 6.8 176 ± 16.7 120 ± 22.9 426.7 ± 70

Annual mean ± S.E. DOC* is the standing stock of DOC in the water column assuming the bottom concentration is representative of the bottom half of the water

column (1.4 m), and surface concentrations are representative of the upper half of the water column (1.4 m).
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(n = 12 for metabolic rates, and EDOC light and dark incuba-
tions, n = 10 for DOC light incubations and n = 11 for DOC
dark incubations), expressed as the annual flux per year in mol
m−2 a−1. The Combined OC pool was calculated as the addi-
tion of both EDOC and DOC production estimates. The standard
error for this estimate is calculated as (1):

S.E = (
(S.DEDOC)2 + (S.DDOC)2)0.5

÷ (nEDOC + nDOC − 1)0.5

Where S.E is the standard error, S.DEDOC is the standard devia-
tion for EDOC, S.DDOC is the standard deviation for DOC, and
nEDOC and nDOC, the number of observations for EDOC (3) and
DOC (3), respectively. The annual flux of combined OC was cal-
culated as for EDOC and DOC (n = 10). After the incubations
were performed, the biomass of Caulerpa prolifera from each core

was estimated by gently separating the living tissue from the sedi-
ment and drying to constant weight at 60◦C in a drying oven. The
biomass of Caulerpa prolifera was then transformed to carbon by
assuming carbon to represent 25% dry weight (Duarte, 1992).
No significant differences were found between the biomass of
dark and light cores (t-test, p > 0.05) where metabolic rates were
assessed and the average of all cores were used to derive Caulerpa
prolifera biomass in Table 2 and Figure 5. A 1 to 1 stoichiomet-
ric quotient was used to transform oxygen-based to carbon-based
metabolic rates. The mass balance to calculate the allochthonous
inputs of OC to the system was calculated, assuming steady state
following the equation (2):

0 = GPP − CR − OC export + OC inputs (1)

Where OC export is the flux of EDOC + DOC measured in the
incubations, the change in C. prolifera biomass was assumed to be

Table 2 | Net EDOC and DOC fluxes in light and dark incubations and biomass of Caulerpa prolifera standing stocks in the core incubations

from samples collected in the bay of Portocolom.

Year Month EDOC DOC Combined OC C. prolifera

mmol C m−2 d−1 S.E mmol C m−2 d−1 S.E mmol C m−2 d−1 S.E g C m−2 S.E

LIGHT

2009 February 0.9 2.4 6.9 3.3 7.8 8.2 17.3 2.1

March 7.0 2.7 19.7 11.2 26.6 11.6 18.9 5.4

April 0.7 1.2 22.5 3.3 23.2 15.4 73.3 9.1

May 1.4 0.9 n.d n.d n.d n.d n.d n.d

June −8.1 0.8 60.4 7.5 52.3 5.6 64.1 14.7

July −0.4 0.8 30.7 1.6 30.3 15.0 34.9 5.3

August 1.6 0.9 n.d n.d n.d n.d 40.5 5.0

September −1.1 1.0 21.2 17.2 20.1 19.5 44.4 1.1

October −3.4 2.0 30.3 31.4 26.9 29.0 32.3 3.9

November 2.4 0.6 33.4 4.3 35.8 21.6 n.d n.d

December 1.9 1.0 −0.8 2.8 1.1 10.9 35.9 1.9

2010 January −2.4 0.6 25.4 10.0 23.0 24.4 35.9 1.9

Annual flux mol m−2 a−1 0.0 0.5 9.1 2.0 9.0 1.7 39.7 5.6

DARK

2009 February 4.9 6.7 9.6 4.3 14.6 6.2 16.3 8.0

March 7.8 2.2 4.1 2.6 11.9 2.6 15.5 6.7

April 1.0 0.6 22.0 8.0 23.0 6.2 86.4 22.5

May 13.8 4.9 n.d n.d n.d n.d n.d n.d

June −3.7 1.3 55.5 8.2 51.8 6.4 62.0 10.4

July 1.5 1.0 69.7 6.2 71.2 4.9 42.6 9.5

August 10.6 0.4 92.3 18.3 102.9 14.1 36.9 8.0

September 5.1 0.6 83.3 47.9 88.4 37.1 41.0 17.9

October 0.2 6.3 19.8 2.0 19.9 5.1 44.6 7.9

November −0.1 0.9 22.1 2.8 22.0 2.3 n.d n.d

December −0.9 1.2 5.9 6.9 5.0 5.4 67.4 10.3

2010 January −2.2 1.6 39.5 8.6 37.3 6.7 67.4 10.3

Annual flux mol m−2 a−1 1.2 0.5 14.1 3.9 14.7 3.8 48.0 7.2

Annual flux was calculated as the mean of the monthly flux daily rates, up scaled to a full year (365 days), note the difference in units (mol m−2 a−1) for the annual

flux.
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included in the GPP, if there is a net increase in biomass or in CR
if there is a decrease in biomass, this assumption may result in a
slight underestimation of OC inputs since not all the biomass of
C. prolifera has to be respired within the system (i.e., herbivory
by fish). Annual fluxes and S.E were calculated as for EDOC and
DOC production estimates.

RESULTS
The temperature in the Bay of Portocolom ranged from a min-
imum of 14◦C in December to a maximum of 28◦C in August
and September. A positive relationship was found between tem-
perature and surface and bottom DOC, but this relationship was
not observed for EDOC (Figure 2). Ambient concentrations of
EDOC in bottom waters showed a tendency toward higher values
with higher values of DOC, but the relationship was not sig-
nificant (R2 = 0.22, p > 0.05) driven by a point of low EDOC
with high concentration of DOC (Figure 3). EDOC represented,

on average, 22.4 ± 0.79% of DOC (calculated from Table 1).
The net production of DOC and EDOC differed between light
and dark conditions, with a higher production of both DOC
and EDOC in cores incubated in the dark (Table 2, Figure 4).
EDOC production represented, on average, 14% of DOC pro-
duction (from Table 2). EDOC fluxes in the light showed both
production and consumption (Figure 4), with a balanced annual
flux (0 ± 0.4 mol C m−2 a−1, Table 2). In dark conditions,
however, there was a slightly positive, but variable, net flux
of EDOC of 1.2 ± 0.6 mol C m−2 a−1 (Table 2). Net DOC
fluxes in the dark were almost twice as high as those in the
light, except in March, where EDOC exceeded the DOC flux
(Table 2), with an increase in net fluxes from winter to sum-
mer (Figure 4), yielding a positive net annual flux of 9.1 ±
2.0 mol C m−2 a−1 and 14.1 ± 3.7 mol C m−2 a−1, for light
and dark conditions, respectively (Table 2, Figure 4). Biomass of
Caulerpa prolifera increased over the spring and early summer

FIGURE 4 | Net fluxes of EDOC and DOC from the C. prolifera

community over time. Mean ± S.E. Panel (A) corresponds to EDOC
incubations in the light. Panel (B) corresponds to DOC incubations in the
light. Panel (C) corresponds to EDOC incubations in the dark. Panel (D)

corresponds to DOC incubations in the dark. The horizontal dashed line
represents the point where the flux = 0, marking the change from
uptake to release of EDOC and DOC. The vertical line represents the
change of year from 2009 to 2010.
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but toward the fall and winter biomass did not return to values
from the previous cold season, remaining relatively high (Table 3,
Figure 5).

Ecosystem (benthic + planktonic) metabolism was quite
variable throughout the year, with the benthic compartment
representing, on average, 72.6 ± 5.2% of CR and 86.8 ±
4.5% of GPP (Table 4, Supplementary Material), contribut-
ing more to carbon fixation than the planktonic compart-
ment. In addition, both CR and GPP increased in summer
(Table 3, Figure 5). Respiration increased more than GPP, result-
ing in net heterotrophic communities (NCP < 0) in the sum-
mer months. CR increased with increasing C. prolifera biomass
(R2 = 0.61, p < 0.05, Figure 6), resulting in an inverse rela-
tionship between NCP and C. Prolifera biomass (R2 = 0.55,
P < 0.05, Figure 6). However, GPP was not significantly corre-
lated with C. prolifera biomass (R2 = 0.28, P > 0.05, Figure 6).
The community, however, remained in metabolic balance on
an annual cycle, with NCP = 0 ± 1.8 mol O2 m−2 a−1 and
a GPP/CR ratio of 1.1 ± 0.1 (Table 3). There was no relation-
ship between temperature and ecosystem metabolism and OC
production.

The mass balance calculated using Equation (2) including
the sources and sinks of OC measured, showed that the alloc-
thonous carbon necessary to fuel respiration was, on average,
in balance with the OC produced in the incubations, in agree-
ment with the overall metabolic balance calculated year round
(Table 4).

DISCUSSION
The results presented demonstrate that the benthic community
examined here contributes substantially to the OC pool in the
water column, both in a dissolved and exchangeable dissolved

form. EDOC represents about a quarter of OC, which is in
agreement with two of the three available assessments (Dachs
et al., 2005; Ruiz-Halpern et al., 2010, 2014) that report EDOC
concentrations, and provides further evidence of EDOC as an
important fraction of the OC pool in the ocean. DOC +
EDOC production was highest during the summer months,
the period with greater C. prolifera biomass, suggesting this
macroalgae to be a major contributor to OC release. The net
flux of DOC was always positive and exceeded GPP in the
month of April. In contrast, EDOC fluxes oscillated from pos-
itive to negative across all months, suggesting that EDOC can
be completely recycled within the system. The yearly cycle of
net DOC and EDOC fluxes in light conditions reveal a stronger
dependence of net DOC fluxes on C. prolifera biomass than
EDOC. OC fluxes, however, were enhanced in dark conditions,
where photosynthesis is precluded and cannot be explained
by enhanced production. Mechanisms other than photosynthe-
sis in the release or breakdown of DOC + EDOC, such as
photodegradation of organic matter, decay of plant tissue or
incomplete respiration of organic matter, need to be inves-
tigated further in order to explain the differences encoun-
tered.

The net release of OC from the community studied repre-
sents a source of export to adjacent ecosystems through advective
and turbulent transport and, in the case of EDOC, through the
volatilization of these compounds to the atmosphere. In addi-
tion, DOC accumulated in the ecosystem from spring to summer,
with an increase in DOC in bottom waters of 1.4 ± 0.74 µmol
C L−1 d−1 (from Table 1), is respired in the fall and winter.
The net flux of DOC + EDOC was 9.0 ± 1.6 mol C m−2 a−1

(or 24.6 mmol C m−2 d−1). This value is comparable to the
overall mean DOC flux of 23.2 mmol C m−2 d−1 reported by

Table 3 | Community metabolism (NCP, CR and GPP), GPP/CR ratio and the biomass of C. prolifera over time in the bay of Portocolm.

Time NCP CR GPP GPP/CR C. prolifera

Year Month mmol O2 m−2 d−1 S.E mmol O2 m−2 d−1 S.E mmol O2 m−2 d−1 S.E S.E g C m−2 S.E

2009 February 16.9 3.8 31.6 4.1 49.5 6.8 1.5 0.3 14.1 3.6

March 13.4 4.0 31.2 2.6 44.7 4.5 1.4 0.2 22.8 3.2

April 2.3 6.6 33.0 10.4 35.3 11.4 1.1 0.5 28.0 4.7

May −0.1 15.0 45.9 3.8 43.4 15.2 1.0 0.3 28.1 4.4

June −30.1 5.9 109.2 2.0 76.3 6.1 0.7 0.0 59.2 8.4

July −10.7 19.1 77.8 6.9 74.0 20.1 0.9 0.2 33.2 1.4

August −13.7 10.2 93.9 7.6 80.1 10.7 0.9 0.1 46.5 4.1

September 6.2 10.9 71.4 12.6 77.6 14.8 1.1 0.3 27.8 4.2

October −18.5 8.7 73.5 20.1 53.3 21.1 0.7 0.3 38.5 5.8

November 16.9 9.4 47.5 14.6 64.4 16.0 1.4 0.6 n.d n.d

December −1.9 7.9 22.1 6.6 20.1 8.7 0.9 0.5 31.4 5.8

2010 January 21.0 8.0 52.9 16.7 73.9 17.7 1.4 0.6 39.5 3.6

Annual flux mol m−2 a−1 0.0 1.8 21.1 3.0 21.1 2.1 1.1* 0.1 33.5** 3.7

The biomass of Caulerpa prolifera is the average of the three light and three dark cores used for the metabolism measurements. Annual fluxes are in different units

(mol m−2 a−1). *The ratio has no units, **The annual biomass is the mean of the monthly averages.
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FIGURE 5 | Temporal changes in community metabolism (GPP, CR, and

NCP) and C. prolifera biomass derived from the cores used to calculate

metabolic rates in the Bay of Portocolom over the course of the study.

Mean ± S.E. Panel (A) represents GPP (gross primary production, closed
triangles, full line) and Caulerpa prolifera biomass (closed circle, dashed
line). Panel (B) represents NCP (net community production) and Panel (C)

represents CR (community respiration). The horizontal dashed line marks
NCP = 0 (i.e., metabolic balance). The vertical dashed line represents the
change of year from 2009 to 2010.

Barron et al. (2014) for macroalgal communities. This value
roughly doubles the net amount of DOC produced by P. oceanica
(Barrón and Duarte, 2009) and seagrasses overall (Barron et al.,
2014), and represents one third of the GPP measured at the
site, rendering the C. prolifera community a greater source of
OC per unit surface area to Mediterranean ecosystems than
P. oceanica.

The availability of OC for export, however, cannot be sup-
ported by community metabolism alone, since the community
was in metabolic balance on an annual scale, with no excess
OC produced. Hence, this ecosystem acts as a conduit for OC,
whereby allochthonous OC inputs are received and, in the same
amount, transferred to adjacent ecosystems. Provided the com-
munity was a net source of DOC, these inputs could be derived
from sedimenting particles, as demonstrated for a Posidonia
oceanica meadow by Gacia et al. (2002). Indeed, Hendriks
et al. (2010) experimentally demonstrated that C. prolifera were
extremely effective in filtering out particles suspended in the water
column, also explaining the high sulfate reduction rates associated
with sediments colonized by C. prolifera (Holmer et al., 2009).
Ecosystem metabolism was driven mainly by C. prolifera (Table 4,
Supplementary Material), but the metabolic deficit increased
with increasing C. prolifera biomass, because respiratory pro-
cesses are enhanced at a greater rate than photosynthetic ones
with increasing C. prolifera biomass, especially in summer, when
respiration and photosynthesis respond differentially to increas-
ing temperature (Vaquer-Sunyer et al., 2012; Vaquer-Sunyer and
Duarte, 2013). Indeed, biomass normalized fluxes indicate larger
fluxes of combined OC in the summer months, the period
where biomass normalized benthic NCP was generally lower
(Table 5 in Supplementary Material), highlighting the necessity
for allochthonous inputs to fuel respiratory processes. Two other
vectors for allochthonous inputs could be: (1) Groundwater dis-
charge, which is high in this ecosystem (Basterretxea et al., 2010)
and wastewater delivered by increased human population during
the summer months, when the OC deficit was largest, support-
ing high values of ambient DOC, both in surface and bottom
waters, and (2) atmospheric deposition of EDOC via air-water
exchange.

In summary the data presented here show the C. prolifera
community studied to be in metabolic equilibrium while sup-
porting a net release of DOC to the environment, where it can
be transferred to adjacent waters. These observations require
allochthonous carbon inputs likely derived from groundwater
discharge and human activity in the watershed, delivered to
the sediments through the high capacity of C. prolifera to
remove particles from the water column, rendering the bay of
Portocolom an effective conduit for OC. Furthermore, although
EDOC represents roughly a quarter of combined OC in the
system, EDOC production represents only 14% of the DOC
flux and is completely recycled within the system, suggest-
ing an allochtonous input of EDOC. Aside from the sources
of allochthounous OC mentioned above, EDOC could also
be derived from air-water exchange (Dachs et al., 2005; Ruiz-
Halpern et al., 2010, 2014), a pathway that has been demonstrated
to constitute a significant means of entry for OC to marine
ecosystems.
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Table 4 | Mass balance to calculate the monthly inputs of allochthonous OC necessary to preserve the mass balance.

Year Month GPP CR Combined OC Allochthonous inputs

mmol O2 m−2 d−1 S.E mmol O2 m−2 d−1 S.E mmol C m−2 d−1 S.E mmol C m−2 d−1 S.E

2009 February 48.5 7.2 31.6 4.1 7.8 8.2 9.1 11.66

March 44.7 4.5 31.2 2.6 26.6 11.6 −13.2 12.71

April 35.3 11.4 33.0 10.4 23.2 15.4 −20.9 21.83

May 45.7 11.5 45.9 3.8 n.d n.d n.d n.d

June 79.1 5.2 109.2 2.0 52.3 5.6 −82.5 7.94

July 67.1 15.2 77.8 6.9 30.3 15.0 −41.0 21.27

August 80.1 10.7 93.9 7.6 n.d n.d n.d n.d

September 77.6 14.8 71.4 12.6 20.1 19.5 −13.9 27.53

October 53.3 21.1 73.5 20.1 26.9 29.0 −45.4 41.08

November 64.4 16.0 47.5 14.6 35.8 21.6 −18.9 30.61

December 20.1 8.7 22.1 6.6 1.1 10.9 −3.0 15.44

2010 January 73.9 17.7 52.9 16.7 23.0 24.4 −2.0 34.44

Annual flux mol m−2 a−1 21.1 2.1 21.1 3.0 9.0 1.7 −8.5 3.3

The mass balance equation used was: 0 = Allochthonous inputs + GPP−CR−OC export. Negative allochthonous inputs indicate input of OC from adjacent areas.

To calculate the mass balance we used the values from the light incubations in Table 2, as they most closely represent the conditions found in the field.

FIGURE 6 | Linear relationship of metabolic rates vs. Caulerpa prolifera

biomass from the cores used in the estimation of metabolic rates.

Closed circles represent NCP vs. C. prolifera, open circles represent CR vs.
C. prolifera and closed triangles represent GPP vs. C. prolifera.
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