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INTRODUCTION

Seagrass meadows rank among the most productive
ecosystems and are generally net autotrophic, with an
excess of organic carbon production relative to com-
munity respiration (Duarte & Cebrián 1996, Gattuso et
al. 1998, Duarte & Chiscano 1999, Hemminga & Duarte
2000). The excess production in seagrass ecosystems is
either stored in the sediments or exported to adjacent
waters (Duarte & Cebrián 1996, Duarte et al. 2005).
Export of organic matter from seagrass ecosystems is
believed to occur mainly as litter, which channels
about 25% of the net primary production of the plants
(Duarte & Cebrián 1996). However, seagrasses are also
known to release important amounts of dissolved
organic carbon (DOC; Brylinsky 1977, Penhale &
Smith 1977, Wetzel & Penhale 1979, Moriarty et al.
1986). Some of the DOC released may be used locally
and exported from the meadow. The DOC released by
the seagrass ecosystem may be contributed by differ-

ent components of the ecosystem such as exudation by
epiphytes, excretion and sloppy feeding by consumers,
and diffusive release from sediments. Yet, most studies
on DOC release by seagrass focus on the DOC
released directly by the leaves and ignore the contri-
bution of other ecosystem components to DOC release
and DOC use. Hence, the net DOC release (gross
release – consumption) by seagrass ecosystems, which
is the pool available to export, has seldom been
assessed (Velimirov 1986, Ziegler & Benner 1999a,
Barrón et al. 2004, Ziegler et al. 2004).

Dissolved organic matter (DOM) loss from seagrass
meadows also represents a loss of nutrients, as DOM
contains nitrogen (N) and phosphorus (P). Hence, the
export of DOM from seagrass meadows also involves a
loss of N and P, the significance of which depends on
the magnitude of these fluxes. In order to sustain their
high production (Hemminga & Duarte 2000), seagrass
meadows must balance their nutrient inputs and
losses. Whereas seagrass nutrient budgets have been
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assessed in the past (e.g. Hemminga et al. 1991, Peder-
sen & Borum 1993, Gacia et al. 1999), most of these
have focused on inputs, rather than losses, and have
not directly addressed fluxes associated with DOM
fluxes, with some exceptions (Dollar et al. 1991, Ziegler
et al. 2004). Furthermore, still very little is known
about the fate of DOM fluxes in these ecosystems.
However, the fact that seagrass ecosystems tend to be
net autotrophic implies that they must take up inor-
ganic nutrients and release nutrients in organic form.
The examination of the balance between dissolved
inorganic nutrient incorporation and dissolved organic
nutrient loss will improve present understanding of
nutrient budgets of seagrass meadows, particularly in
the oligotrophic environments they often inhabit. The
examination of the C:N:P atomic ratio of the DOM
fluxes from seagrass ecosystems, which typically have
tissue C:N:P ratios higher than the Redfield ratio
(Atkinson & Smith 1983, Duarte 1990) may also pro-
vide insight into the possible relevance of these fluxes
in the ecosystem.

Posidonia oceanica (L.) Delile is an endemic
Mediterranean seagrass species that forms extensive
meadows with high above- and below-ground biomass
and primary production (Duarte & Chiscano 1999,
Hemminga & Duarte 2000). P. oceanica is slow-grow-
ing, with a rhizome elongation of only a few cm yr–1

and a shoot elongation of <1 cm yr–1 (Duarte 1991). It
often grows in oligotrophic environments, such as
those present in the Balearic Islands (Spain; Gazeau et
al. 2005). The excess production of P. oceanica is stored
in the sediments, similar to that of other seagrass
species (e.g. Mateo et al. 1997, Gacia et al. 2002), or
exported either as particulate detritus, which can form
extensive banks along the coastline (Mateo et al.
2003), or as DOC (Velimirov 1986).

In the present study, we report annual inorganic
nutrient uptake (nitrate, phosphate and ammonium),
net DOM release (DOC, DON and DOP) and the C:N:P
ratio of these fluxes by a Posidonia oceanica meadow
relative to the fluxes observed in adjacent unvegetated
sediments. We examined this at monthly intervals
using in situ benthic chambers to assess the role of the
P. oceanica meadows in the release of DOM as well as
the associated nutrient budget. Finally, we also esti-
mate the carbon balance at the study site and the
export of DOC from this coastal ecosystem to the
adjacent open ocean.

MATERIALS AND METHODS

The present study was conducted in a Posidonia
oceanica meadow at 7 m depth and in unvegetated
sediment in Magalluf Bay (Mallorca Island, Spain,

39° 30.23’ N, 2° 32.60’ E; cf. Gazeau et al. 2005). At this
site, the sediment is mainly composed of biogenic
coarse (<0.5 mm) to fine (<0.125 mm) sands, with
>90% content in CaCO3 (Diaz del Rio et al. 1994). Net
community production (NCP) and DOC fluxes were
studied at approximately monthly intervals from
March 2001 to October 2002. Estimates of inorganic
fluxes (nitrate + nitrite, phosphate and ammonium)
and net DON and DOP fluxes were obtained concur-
rently from incubations in benthic chambers deployed
at approximately monthly intervals from June 2001 to
October 2002.

Benthic metabolism, DOM fluxes and inorganic
fluxes were examined in situ using benthic chambers
deployed at a depth of 7 m by divers. Four chambers
were used to incubate the Posidonia oceanica com-
munity, and 3 additional chambers were set up in
adjacent unvegetated sediments. The in situ benthic
chambers consisted of a PVC cylinder (18 cm in dia-
meter) inserted about 7 to 10 cm deep into the sedi-
ment and a gas-tight polyethylene plastic bag (Han-
sen et al. 2000) fitted onto the cylinders by the divers.
These benthic chambers allowed us to estimate the
net fluxes of the P. oceanica community and its sur-
rounding water as well as unvegetated sediments,
evaluating the whole benthic community system (e.g.
sediment, seagrasses meadows, epiphytes, plankton,
bacterial community). The polyethylene plastic bag
had a sampling port in order to collect water samples
with 50 ml (polyethylene), acid-washed syringes. The
flexible nature of the polyethylene plastic bags
allowed turbulence to propagate in the interior of the
benthic chamber, providing mixing. The resulting
mixing times (on the order of 5 s) were assessed by
injecting a fluorescent dye (fluorescein) into the
chambers. Benthic chambers were deployed in the
morning, and the enclosed water was, after mixing
the water inside the chamber, sampled initially, just
before sunset and right after sunrise. The volume of
each chamber was estimated by injecting 5 ml of a
0.25 mol l–1 phosphate solution into each chamber at
the end of the experiment, allowing 5 min for mixing,
and determining the resulting dilution. Estimates of
the possible bias due to uptake and adsorption during
these 5 min showed this to be negligible (<0.1%).
The water samples were collected and kept frozen
until spectrophotometric determination of the phos-
phate concentration after Hansen & Koroleff (1999).
The volume of water enclosed in the benthic cham-
bers was, on average, 5 l. The P. oceanica leaves
enclosed in each benthic chamber were harvested at
the end of the experiment, rinsed and scraped with a
razor blade to remove the adhering epiphytes, and
then dried at 60°C and weighed to estimate the
P. oceanica leaf biomass. The C and N content of the

76



Barrón & Duarte: Seagrass dissolved organic matter release

P. oceanica leaves were analyzed using a CHN ana-
lyzer, and the P content was analyzed spectrophome-
trically following persulfate digestion.

The monthly NCP was estimated from dissolved
oxygen (DO) concentration changes. The DO was
measured using the Winkler method (Carritt & Car-
penter 1966) with an automated titration system
(Mettler DL21 Auto-titrator) with potential redox
electrode end-point detection (Oudot et al. 1988).
Hourly rates of community respiration (R) and NCP
were estimated from the difference in DO concentra-
tion in the chambers at night and during the day,
respectively. Hourly rates of gross primary production
(GPP) were computed as the sum of the hourly rates
of R and NCP. Daily rates of GPP were calculated by
multiplying the hourly GPP by the photoperiod. Daily
rates of R were calculated by multiplying the hourly
R by 24 h. Daily rates of NCP were estimated as the
difference between daily rates of GPP and R. Meta-
bolic rates in DO units were converted to carbon
units assuming photosynthetic and respiratory quo-
tients of 1; this value is used widely in seagrasses,
although there are not many empirical conversion
factors available for seagrass. This equivalence is
assumed for terrestrial plants that use starch and sug-
ars as respiratory substrates, which are also the respi-
ratory substrates of Posidonia oceanica (Alcoverro et
al. 2001). Hence, this conversion appears to be sup-
ported, although variability of these quotients may
introduce errors into the estimates, as discussed in
detail by Kirk (1983). DO concentrations in P.
oceanica benthic chambers at the beginning of the
experiment were, on average, 6.95 mg O2 l–1, while at
dusk, the DO concentrations were, on average,
12.17 mg O2 l–1. This increase in the DO during day-
time seems relatively moderate, minimizing artifacts
due to physiological stress on P. oceanica leaves or
due to unrealistically high oxygen values (oxygen
supersaturation) at the start of the dark incubation
period. Besides, the DO value at the end of the incu-
bation periods were, on average, 6.75 mg O2 l–1,
meaning that the decrease of DO at night is relatively
moderate, thus minimizing artifacts due to unrealisti-
cally low oxygen values at the end of the dark incu-
bation period. We elected to calculate oxygen and
DOC fluxes during 24 h intervals rather than using
time series because the estimation of GPP and NCP
from time-series measurements is not correct, as
these processes are not linear (due to changing night-
light processes), whereas the use of 24 h intervals
integrates all the GPP and NCP variations. In addi-
tion, we elected to calculate oxygen changes over
24 h intervals, which allowed calculation of NCP, to
allocate our effort to setting up replicate benthic
chambers with a fairly high temporal coverage

(monthly intervals over 1.5 yr). Some of the uncer-
tainties of using benthic chambers include the pos-
sible exchange of metabolic products horizontally
across the sediment (Huertel & Gust 1992). Possible
resuspension of material due to handling of the ben-
thic chambers was avoided by starting the initial
sampling after setting up all the chambers.

Fluxes of dissolved inorganic (nitrate, phosphate and
ammonium) and organic (DOC, DON, DOP) matter
were based on the rate of concentration change
between initial to final (right after sunrise) samples.
Water samples from the benthic chambers were fil-
tered through pre-combusted (450°C for 4 h) GF/F fil-
ters. DOC samples collected from March 2001 to May
2001 were kept frozen in acid-washed material (glass
vials encapsulated with silicone-Teflon caps) until
analyses. DOC samples retrieved subsequently were
kept acidified with 2 N HCl at room temperature in
acid-washed ampoules. DOC samples were analyzed
on a Shimadzu TOC-5000A (Benner & Strom 1993).
DOC standards, provided by D. A. Hansell and W.
Chen (University of Miami), of 44 to 45 µmol DOC and
2 µmol DOC were used to assess the accuracy of the
estimates. The instrument blank ranged between 0
and 7.59 µmol DOC l–1 across the different analytical
batches. Samples for nutrient analysis were kept
frozen in acid-washed containers until analysis. Total
dissolved N and P, phosphate and nitrate were
measured using a UV oxidation standard method
(Hansen & Koroleff 1999) in a Bran+Luebbe AA3 Auto-
analyzer. Ammonium concentration was assessed
spectrofluorometrically (Kérouel & Aminot 1997). DON
was calculated as the difference between total and
inorganic dissolved nitrogen (ammonium + nitrate),
and DOP was calculated as the difference between
total dissolved P and phosphate. The detection limits of
the total dissolved N and P were 0.3 and 0.06 µM,
respectively. The limits of DON and DOP flux mea-
surements were 0.058 mmol N m–2 d–1 and 0.012 mmol
P m–2 d–1, respectively. These estimates were based on
the detection limits and the coefficients of variation of
0.38 and 0.3% for nitrogen and phosphate, respec-
tively. Stoichiometry ratios were calculated for all
pools and dissolved organic fluxes whenever both
fluxes (from each benthic chamber) taken into account
in the stoichiometry ratio (DOC:DON, DOC:DOP and
DON:DOP) were significant, consistent (uptake or
release) fluxes. Annual rates of NCP, fluxes of nitrate,
phosphate and ammonium, net DOC, DON and DOP
fluxes and stoichiometry ratios were calculated as
averages of the last 12 mo estimates, so that they could
be directly compared.

Student’s t-test (α = 0.05) was used to determine
whether nutrient (nitrate, phosphate and ammonium)
fluxes and the net DOC, DON and DOP fluxes in a
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Posidonia oceanica meadow and unvegetated sedi-
ments were significantly different from zero. We used
a t-test to test for the statistical significance of individ-
ual rates and annual mean rates, which were log-trans-
formed when necessary to comply with the require-
ments of the analysis. We used the Wilcoxon
signed-rank test to test for a significant tendency for
the time series (all the months studied) to consistently
support positive or negative (release vs. uptake) rates.

RESULTS

The leaf biomass of Posidonia oceanica in the ben-
thic chamber was high in spring (April 2001) and in
summer (August 2002), with 859.0 ± 146.6 and 880.5 ±
145.6 g DW m–2 (mean ± SE), respectively, and reached
minimum values during fall.

NCP showed a similar pattern to that of leaf biomass,
except for an earlier spring maximum (Fig. 1). Because
of high variability among plots, 75% of the NCP values
in the Posidonia oceanica meadow differed signifi-
cantly from zero (t-test; p < 0.01). The nutrient concen-
tration in P. oceanica leaves (without epiphytes) during
the study period (as % DW, mean ±SE) was 38.5 ±
0.4 C, 1.9 ±0.1 N and 0.2 ± 0.01 P, equivalent to an
atomic C:N:P ratio of 497:21:1 and a C:N ratio of 24.

NCP, net inorganic fluxes (nitrate + nitrite, phos-
phate and ammonium) and net DOC, DON and DOP
fluxes reflected the fluxes in the whole Posidonia
oceanica community (seagrass, sediment below and
water canopy) and in the unvegetated community

(unvegetated sediment and surrounding water). Annu-
ally, the P. oceanica meadow acted as a net sink of
nitrate (Table 1), with an average net nitrate uptake of
10.2 ± 4.6 mmol N m–2 yr–1 statistically significant from
zero (t-test; p < 0.05). At 62% of the sampling events,
net nitrate uptake was not significantly different from
zero (Wilcoxon test; p > 0.05) and high uptake rates
were found in spring, concurrent with the highest NCP
rates (Figs. 1 & 2a). Unvegetated sediments supported
an annual net release of 4.0 ± 3.2 mmol N m–2 yr–1,
which was statistically significant (t-test; p < 0.05), with
a pulse in late summer of 2002 (Table 1, Fig. 2a). How-
ever, half of the sediment nitrate fluxes in the unvege-
tated sediments were not significantly higher than zero
(Wilcoxon test; p > 0.05). All phosphate fluxes (Fig. 2b)
in the P. oceanica meadow during the whole experi-
ment were significantly lower than zero (Wilcoxon test;
p < 0.01), while 70% of the phosphate fluxes in unveg-
etated sediment were not significantly lower than zero
(Wilcoxon test; p > 0.05). Annually, P. oceanica com-
munities supported a net uptake of phosphate of 9.4 ±
3.5 mmol P m–2 yr–1, which was significantly different
from zero (t-test; p < 0.05), while the annual net uptake
in unvegetated sediment was much lower (0.5 ±
1.7 mmol P m–2 yr–1), but still significantly different
from zero (t-test; p < 0.05) (Table 1). On an annual
scale, unvegetated sediment communities were a net
source of ammonium of 5.1 ± 16.1 mmol N m–2 yr–1,
which was a rate significantly different from zero
(t-test; p < 0.05).

Bare sediments oscillated between acting as a net
sink of DOC in the spring of 2001 and the fall of 2002,
to a net source of DOC in the summer of 2001 (Fig. 3a).
A maximum DOC release of 14.5 ± 5.6 mmol C m–2 d–1

was observed in June 2002 and was statistically signif-
icant (t-test; p < 0.05). Posidonia oceanica communities
generally supported a net release of DOC, with a max-
imum release rate of 34.7 ± 4.1 mmol C m–2 d–1 signifi-
cantly different from zero (t-test; p < 0.05) in June
2002. Both communities followed roughly similar pat-
terns, with higher DOC release rates in summer.
P. oceanica communities had, annually, a DOC release
of 4359.7 ± 936.9 mmol C m–2 yr–1, which differed sig-
nificantly from zero (t-test; p < 0.05; Table 1). Of the
DOC fluxes in the P. oceanica meadow, 94% were sig-
nificantly higher (Wilcoxon test; p < 0.01) than zero,
while half of the DOC fluxes in the unvegetated sedi-
ment were not significantly higher than zero (Wilcoxon
test; p > 0.05). P. oceanica communities generally
supported a net DON release (Fig. 3b); however, these
fluxes were not significantly higher than zero
(Wilcoxon test; p > 0.05). The temporal pattern of net
DON fluxes was comparable for unvegetated sediment
and P. oceanica communities, with the only exception
observed in the summer of 2002. Minimum net DON
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uptake rates of 1.7 ± 0.2 and 1.8 ± 0.2 mmol N m–2 d–1

were observed in October 2002 (Fig. 3b) in P. oceanica
and unvegetated sediments, respectively; these values
were significantly different from zero (t-test; p < 0.01).
Annually, unvegetated sediment communities gener-
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Flux P. oceanica Sediment

NCP
Min. –24.7 ± 7.0 –4.8 ± 0.8
Max. 88.8 ± 6.4 5.0 ± 0.3
Mean 6085.6 ± 1832.5* –140.9 ± 178.0

Nitrate
Min. –0.2 ± 0.1 0.0 ± 0.0
Max. 0.0 ± 0.0 0.1 ± 0.1
Mean 10.2 ± 4.6* 4.0 ± 3.2*

Phosphate
Min. –0.1 ± 0.1 0.0 ± 0.0
Max. 0.0 ± 0.0 0.0 ± 0.1
Mean –9.4 ± 3.5* –0.5 ± 1.7*

Ammonium
Min. –0.4 ± 0.5 –0.2 ± 0.1
Max. 1.0 ± 0.0 0.3 ± 0.3
Mean 36.5 ± 33.9 5.1 ± 16.1*

DOC
Min. 2.1 ± 0.3 –10.8 ± 4.1
Max. 34.7 ± 4.1 14.5 ± 5.6
Mean 4359.7 ± 936.9* –245.1 ± 551.6

DON
Min. –1.7 ± 0.2 –1.8
Max. 0.9 ± 0.3 0.5 ± 0.3
Mean 4.4 ± 53.9 –113.5 ± 55.1*

DOP
Min. 0.0 ± 0.0 0.0
Max. 0.0 ± 0.0 0.0 ± 0.0
Mean 1.7 ± 1.3* 0.4 ± 0.4

DOC:DON
Min. 3 1 ± 1
Max. 205 118 ± 106
Mean 042 ± 9* 034 ± 14*

DON:DOP
Min. 4 16
Max. 742 161
Mean 0069 ± 36* 66 ± 17*

DOC:DOP
Min. 354 ± 83 22
Max. 04096 ± 2865 2266
Mean 01450 ± 367* 1023 ± 414*

DOM (C:N:P) 1450:69:1 1023:66:1

Table 1. Net community production (NCP), dissolved organic
carbon (DOC), dissolved organic nitrogen (DON), dissolved
organic phosphorus (DOP), nitrate, phosphate and ammo-
nium release in Posidonia oceanica and unvegetated sedi-
ment. Monthly fluxes (mmol m–2 d–1) and annual fluxes (mmol
m–2 yr–1) are given as means ± SE. Positive values mean
net release, while negative values mean uptake. NCP values
were obtained from C. Barrón et al. (unpubl. data). *signifi-

cantly different from zero (t-test, p < 0.05)
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ally supported a net DON uptake (Table 1) of 113.5 ±
55.1 mmol N m–2 yr–1, which was significantly different
from zero (t-test; p < 0.05). P. oceanica communities
acted as a source of DOP throughout much of the
study, with particularly high rates in the summer and
fall of 2001 (Fig. 3c). On an annual scale, these vege-
tated communities released 1.7 ± 1.3 mmol P m–2 yr–1,
which was significantly different from zero (t-test; p <
0.05). In contrast, bare sediment communities were a
sink of DOP throughout most of the study, although
they released DOP during the summer of 2002. The
average C:N:P ratio in the DOM flux of the P. oceanica
community and in unvegetated sediments were
1450:69:1 and 1024:66:1, respectively.

DISCUSSION

The inorganic nutrient fluxes reported in the present
study are 2- to 3-fold higher than those reported by
Ziegler & Benner (1999b) using a similar approach in
unvegetated and Thalassia testudinum communities.
In our study, the Posidonia oceanica communities
always supported a higher net uptake of nitrate and
phosphate than did unvegetated sediments. The main-
tenance of high productivity in this community, which
has been reported to be net autotrophic on an annual
scale (Gazeau et al. 2005, Barrón et al. 2006a), requires
high nutrient uptake, especially when seagrass growth
is highest, as in late spring to early summer (Alcoverro
et al. 1995, 2000). NCP in the P. oceanica meadow
studied was also highest in spring, consistent with the
period of high seagrass biomass and maximum net
phosphate and nitrate uptake, as expected from the
seasonality of plant requirements (Alcoverro et al.
1995). The high seagrass biomass found during this
period could be supported by high nutrient uptake
from the surrounding water; however, retranslocation
of nutrients from old leaves to new growing leaves has
been found to be important, especially in this period of
the year when high growth rates coincide with low
nutrient concentrations in the water column (Alcoverro
et al. 2000, Barrón et al. 2006b).

Comparison of the N:P ratio in the net inorganic
nutrient uptake, seagrass nutrient content and DOM
release may help evaluate the processes involved
(Fig. 4). The N:P ratio for inorganic nutrient uptake is
1.1, whereas the N:P ratio in DOM released by Posido-
nia oceanica is >60 times higher. This suggests that P.
oceanica systems must retain P relative to N. We esti-
mated the POP export to be 1.2 mmol P m–2 yr–1, simi-
lar to the DOP release in this seagrass system. Conse-
quently, the annual phosphate uptake is able to
support the P output from the system and allows a frac-
tion of the P input to be retained in the seagrass
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meadow. The annual DON and NH4
+ fluxes were not

significantly different from zero and should not, there-
fore, be important components of nitrogen cycling in
the P. oceanica meadow. N burial exceeded N uptake
by this system, suggesting that there must be addi-
tional sources of N inputs. Gacia et al. (2002) report
that P. oceanica meadows trap particulate matter
derived from sestonic particles, which supply much of
the N requirements of the plants, and P. oceanica
meadows have been identified as important sites of
N-fixation in the Mediterranean (Béthoux & Copin-
Montégut 1986, Papadimitriou et al. 2005); however,
the magnitude of these nitrogen inputs could not be
determined in the present study.

Annually, the Posidonia oceanica meadow acted as
a net source of DOC, while unvegetated sediment had

a tendency to act as a weak sink of DOC. Three main
processes are potentially responsible for the important
net release of DOC by the seagrass system reported
here: release of DOC by healthy seagrass and the
associated epiphytes, release from decaying seagrass
material and DOC release from decomposing sedi-
ment materials of allochthonous origin (e.g. sedi-
mented sestonic material). Most analyses of DOC
production by seagrasses report the release by labor-
atory-isolated seagrass. These studies have shown
that the release of DOC by seagrass leaves represents
<5% of the carbon fixed during photosynthesis
(Brylinsky 1977, Penhale & Smith 1977, Wetzel & Pen-
hale 1979, Moriarty et al. 1986), although Kirkman &
Reid (1979) reported that 43% of the gross primary
production was released as DOC from living and
decaying seagrass leaves. Studies of DOC release by
seagrass ecosystems are much fewer. Barrón et al.
(2004) reported that, during Cymodocea nodosa colo-
nization, community net DOC fluxes increased from a
net uptake in C. nodosa patches younger than 2 yr to
a net release of 81.6 mmol C m–2 d–1 in the 7 yr old
patch. Velimirov (1986) showed a DOC release by a
P. oceanica meadow of, on average, about 40.2 mmol
C m–2 h–1; however, he reported DOC concentrations
ranging from 33 to 2500 µM, which are exceedingly
high for Mediterranean waters compared, for exam-
ple, with the range of 80 to 120 µM reported by Lucea
et al. (2003). Ziegler & Benner (1999a,b) estimated,
using an approach similar to ours, DOC release by a
Thalassia testudinum community to be between 3.5
and 24.9 mmol C m–2 d–1 or about 10% of the net
community production. There was little seasonal
trend in the net DOC fluxes measured in the bare
sediment, but the seasonal variation was higher in the
T. testudinum-dominated community (Ziegler & Ben-
ner 1999a). A similar trend was found in the P. ocean-
ica meadow and its adjacent unvegetated sediment:
net DOC fluxes decreased in fall and winter and
increased slightly in spring, reaching maximum val-
ues in summer, with fluxes in the seagrass
meadow being an order of magnitude larger that
those in bare sediments. Our results and previous
studies indicate, therefore, that seagrass communities
enhance DOC fluxes relative to unvegetated sedi-
ments. The P. oceanica meadow we studied was an
annual net source of DOC of 4359.7 ± 936.9 mmol
C m–2 yr–1, being of the same order of magnitude as
the net seagrass DOC release from T. testudinum.
This net DOC release by the P. oceanica meadow rep-
resents the aggregated contribution of all sources of
DOC, including the autochthonous and allochthonous
components described above. The relative contribu-
tion of each of the processes cannot be discriminated
from our results.
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Fig. 4. Annual budget of the net community production
(NCP), nitrate (NO3

–) and phosphate (PO4
–) uptake, net dis-

solved organic carbon (DOC) and dissolved organic phos-
phorus (DOP) from the Posidonia oceanica meadow (in mmol
m–2 yr–1). Values in italics represent calculated values. Burial
of C was calculated as 6.8% of NCP (Duarte et al. 2005). Par-
ticulate organic carbon (POC) export was calculated by mass
balance (POC export = NCP – DOC flux – Burial). Particulate
organic phosphate export and burial were calculated with
the N:C and P:C ratios of P. oceanica tissues and POC export
and burial using seagrass N and P concentrations reduced
by 40% for N and 59% for P to account for reabsorption

(Alcoverro et al. 2000)
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The Posidonia oceanica meadow studied was net
autotrophic, with an NCP of 6085.6 mmol C m–2 yr–1

and a DOC release equivalent to 71% of the NCP.
Hence, the remaining NCP must be released as partic-
ulate organic carbon (POC) or buried in the sediment
(Fig. 4). The high net DOC release relative to NCP in P.
oceanica is likely to be supported by allochthonous
inputs of sestonic materials (Gacia et al. 2002). The
DOC release by the P. oceanica meadow was 3-fold
higher than the POC export, comparable to the
reported relative magnitudes of DOC and POC export
from rocky shore communities in mesocosms (Barrón
et al. 2003). A significant fraction of the C fixed by sea-
grass is released into the water column as DOM and is
utilized by heterotrophic bacterioplankton (Moriarty &
Pollard 1982, Moriarty et al. 1986, Ziegler & Benner
1999a). Most of the net benthic production must either
support respiration in the above pelagic compartment
(Navarro et al. 2004, Gazeau et al. 2005) or be exported
to the open ocean. We estimated the total DOC flux in
the Bay of Palma using the estimated net DOC fluxes
of a P. oceanica meadow and unvegetated sediment
and the net DOC fluxes reported for the planktonic
community (Navarro et al. 2004). We also took into
account the area covered by these communities in
Palma Bay. The average water residence time was
2.5 ± 0.2 and 10 d during March and October 2002,
respectively; however, the residence time in October
was subjected to strong uncertainties due to the low
current velocities and the consequent noise (Gazeau et
al. 2005). We calculated that the net DOC release by
the seagrass community can support the net DOC
uptake by the unvegetated sediment and the hetero-
trophic metabolism in the planktonic compartment,
estimated to represent a DOC uptake of 1.13 g C m–3

yr–1 (Navarro et al. 2004), so there will still be a net
export of DOC of 3.2 Gg C yr–1 from Palma Bay to the
adjacent open waters. The total organic carbon export
in the global coastal ocean, taking into account the
unvegetated and vegetated habitats, has been esti-
mated to be between 1.1 and 3.5 Pg C yr–1 (Duarte et
al. 2005). The bulk of this organic carbon is available to
be exported to the ocean, where it may be respired to
support heterotrophy of the open ocean (Duarte &
Agustí 1998, del Giorgio & Duarte 2002). However, the
magnitude of the DOC export from the coastal ocean
has not been addressed yet. P. oceanica meadows are
declining in the Spanish Mediterranean at rates of
about 5% yr–1 (Marbà et al. 2005). The rapid decline of
the meadows is due to a combination of causes, such as
anthropogenic disturbances, including the increase in
nutrient and organic matter inputs (Marbà et al. 2002,
Holmer et al. 2003). Vegetated marine habitats are
important sites for C production and export and can
help subsidize the heterotrophic metabolism of the

open ocean. However, the area covered by marine
vegetation is rapidly declining, with an estimated loss
of about 20% of the seagrass cover over the past 2
decades (Green & Short 2003). Our results suggest that
the loss of seagrass ecosystems might lead to an impor-
tant loss in DOC exports from the coastal to the open
ocean; however, more studies on DOC fluxes from con-
trasting seagrass communities must be performed in
order to estimate the net DOC export from seagrass.

In contrast, seagrass meadows were a lower source
of DON and DOP to the water column than for net
DOC release, assuming DON and DOP fluxes in Posi-
donia oceanica are in the same range reported for the
Thalassia testudinum community (Ziegler et al. 2004).
These measured rates are even lower than expected
from the DOC release, as the annual DON and DOP
release represented only 1.7 and 12.2% of the N and P
associated with the net community production, which
was calculated from the N:C and P:C ratios of seagrass
leaves. Reports of DOM release from seagrass mead-
ows and the associated C:N ratios are few (Dollar et al.
1991, Ziegler et al. 2004). The C:P ratio of DOM fluxes
reported for T. testudinum communities ranged
between 1200 and 6850 in light incubations and was
240 in dark incubations (Ziegler et al. 2004), while the
ratio in P. oceanica communities varied from 354 to
4096. All fluxes measured showed very high variability
in the elemental ratios involved, suggesting wide vari-
ability in the compounds released and also suggesting
high variability in the sources of the materials
exchanged. The high net DOC release compared to
the DON and DOP release in P. oceanica meadows
explained why the average C:N:P ratio in the DOM
flux for the P. oceanica community (1450:69:1) was
much higher than that for the seagrass leaves
(497:21:1) and also why it exceeded the C:N:P ratio in
the DOM flux of unvegetated sediment communities.
The C:N:P atomic ratio of benthic marine macroalgae
and seagrass is about 550:30:1 (Atkinson & Smith 1983,
Duarte 1990), as benthic plants are more depleted than
phytoplankton in P and N relative to C, due to their
greater need for structural C. Fluxes estimated were
net fluxes, so that use of DOM released within the
community is already considered. This suggests that
the DOM compounds used may be those with a higher
N and P content, which can be more readily used by
bacteria (Enríquez et al. 1993, Ziegler et al. 2004)
and/or that the net DOM release is enriched in carbon
compounds. The major organic compounds produced
photosynthetically are carbohydrates, which are used
as structural and storage compounds in marine
autotrophs. Sucrose is the dominant storage carbohy-
drate (90% of the total soluble carbohydrate pool). It is
stored primarily in the seagrass rhizomes (Touchette &
Burkholder 2000), thus minimizing the amount of C
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lost by herbivory and ensuring that carbohydrates are
stored perennially in below-surface structures (Burke
et al. 1996). The non-structural carbohydrate pool is
mobilized to support growth and metabolism during
periods of light limitation in seagrasses generally
(Burke et al. 1996, Brun et al. 2003) and in P. oceanica
(Ruiz & Romero 2001) specifically. Non-structural car-
bohydrate content in P. oceanica was highest in sum-
mer and lowest in fall and winter (Alcoverro et al.
2001). These seasonal changes in non-structural carbo-
hydrates are in agreement with the seasonal changes
in NCP and net DOC release measured in P. oceanica.
For that reason, the non-structural carbohydrate pool
in seagrasses might also be used to meet the net DOC
release found in P. oceanica ecosystems; however,
more studies on the characterization of DOC released
by seagrass ecosystems are needed to understand the
carbon budget in seagrass ecosystems.
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