
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 211: 105–116, 2001 Published February 14

INTRODUCTION

In plant ecophysiology, in spite of increasing knowl-
edge of the individual components of the C economy,
integration at the whole-plant level is still arduous. In
terrestrial plants C balance models are being used
increasingly, mainly with annual species and, to a

lesser extent, with deciduous fruit crops (Heim et al.
1979, Gutiérrez et al. 1985, Seem et al. 1986, Abdel-
Razik 1989) or other perennial species (Makela & Hari
1986, Janecek et al. 1989). These C models examine
the balance between C supply and demand, and,
within demand, the partitioning among maintenance,
growth and reserve regeneration.

Knowledge of the temporal pattern of allocation of
carbon resources to growth, maintenance or regenera-
tion of carbon reserves is critical for an understanding
of the whole-plant responses to environmental stress
and to production dynamics. In particular, reserves
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ABSTRACT: We present the seasonal carbon (C) balance of the Mediterranean seagrass Posidonia
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growth. We compare our balance with the evolution of seasonal C reserves in order to determine the
parameters (shoot:root biomass, reserve allocation, photosynthetic parameters, etc.) that influence
the seasonal cycle of the plant. Additionally, we examine whether the annual C balance can be used
as a valid tool for testing the vulnerability of seagrasses to light reduction. The seasonal whole-plant
C balance showed alternate negative (from September to June) and positive (July and August) val-
ues. This trend was the result of the interplay among several seasonal factors such as irradiance,
water turbidity, photosynthetic parameters, respiratory rates, shoot growth, within-shoot age distrib-
ution, and principally, the low photosynthetic:non-photosynthetic biomass ratio. The lack of signifi-
cant correlation between seasonal growth and metabolic balance (C gain – C demand) did not permit
the prediction of plant growth. Conversely, the seasonal pattern of carbon storage was consistent
with the periods of positive and negative C balance. Consequently, reserve mobilization allows over-
wintering and re-growth under conditions of negative C balance. Using different calculations the
annual C balance was found to be negative during 1993; this is in accordance with the carbohydrate
interannual depletion and the shoot density decline. Since Posidonia oceanica is regressing in the
Mediterranean, our carbon budget may notably contribute to future carbon models that can be essen-
tial tools for defining the minimum light requirements for survival. More insight into the functioning
of some of the parameters that definitively influence this carbon budget (e.g.: the rhizome/root oxy-
gen consumption and the O2 to C conversion) is needed to fully understand the vulnerability of sea-
grasses to light reduction.

KEY WORDS:  Mediterranean sea · Photosynthesis · Respiration · Irradiance · Starch · Sucrose

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 211: 105–116, 2001

may be important for wintertime survival of either high
to mid-latitude macrophytes or plants under prolonged
stress (Chapman & Craigie 1978, Dunton 1990, Buwal-
da 1991, Alcoverro et al. 1999). 

Seagrasses are known to have some of the highest
rates of primary production for marine systems in
coastal areas and recently have been considered as
major contributors to the net carbon production stored
and subsequently buried in marine sediments (Duarte
& Cebrián 1996).

Despite the importance of seagrasses in the global
carbon cycle, few attempts have been made to inte-
grate all the processes into carbon budgets, and only
few studies have considered seasonality and extreme
values of light availability, dependent on either sun an-
gle, weather conditions or water transparency through-
out the year (Pérez & Romero 1992, Dunton 1994, Zim-
merman et al. 1994, Lee & Dunton 1997, Herzka &
Dunton 1998).

Posidonia oceanica, the dominant seagrass in Medi-
terranean coastal waters, shows remarkable features
that include: (1) a strong seasonality of leaf growth,
with rates usually highest in late spring and lowest in
late summer (Alcoverro et al. 1995), (2) a high capacity
for seasonal carbohydrate storage (Pirc 1989), which
seems to influence plant survival (Genot et al. 1994),
and (3) high belowground biomass (belowground to
leaf biomass ratio between 3 and 15; Ott 1980, Pirc
1983, Romero 1985), which can generate a very high
respiratory demand (e.g. Fourqurean & Zieman 1991
for Thalassia testudinum).

The answer to the question how these features affect
the carbon budget of the plant would improve our
knowledge about the basic processes influencing sea-
grass growth and survival and would enable the quan-
tification of the relative costs (respiratory demand) and
benefits (carbon storage) of a large belowground bio-
mass. Moreover, as in other seagrasses, Posidonia
oceanica is undergoing significant decline (at least in
the Northwestern Mediterranean; Sánchez-Lizaso et
al. 1990, Zavodnik & Jaklin 1990, Marbà et al. 1996),
which may be due in part to increasing turbidity of
coastal waters or to increasing epiphyte loading, both
effects being results of increased eutrophication. The
plant’s sensitivity to the reduction in light availability is
an immediate consequence of how and when the car-
bon budget is achieved, and thus the modeling of such
a budget becomes a major tool in assessing and, even-
tually, preventing seagrass decline.

Here, we present the seasonal C balance of the
Mediterranean seagrass Posidonia oceanica obtained
from seasonal rates of C gain (photosynthesis), C loss
(respiration) and growth. We compare our balance
with the seasonal C reserve evolution in order to
understand the seasonal patterns of the plant. Addi-

tionally we examine whether the annual C balance can
be used as a valid tool for preventing seagrass decline.

METHODS

Experimental design. The study was conducted in a
Posidonia oceanica meadow off the Medes Islands (NE
coast of Spain: 42° 2’ N, 3º 13’ E) in a site close to the up-
slope limit of the meadow (–5.0 m). Shoot density in this
meadow was about 600 shoots m–2 and the majority of
the rhizomes were on a vertical-growing axis (ca 75%).

Plant material for laboratory experiments was col-
lected by SCUBA divers at noon and transported in the
dark in aerated seawater to the laboratory within 3 h of
collection.

Approximately every 2 mo (a total of 8 sampling
events, from November 1992 to December 1993) 10
shoots, chosen at random over an area of ca 100 m2,
were marked (1 mo before collection) to estimate leaf
growth, using the Zieman method modified by Romero
(1989) and biomass. Ten additional shoots were col-
lected at each sampling for the metabolic and carbohy-
drate reserve measurements. 

Growth rates, biomass allocation and metabolic rates.
Harvested shoots were rinsed and epiphytes were re-
moved with a razor blade. Leaf elongation, length and
sheath length of the marked shoots were measured.
Shoots were then dried (70°C to constant weight) and
each part weighed separately. Sheath growth was esti-
mated as described in Romero (1985).

The 10 additional shoots were divided into photo-
synthetic parts (leaf blades) and non-photosynthetic
parts (leaf sheaths, rhizomes and roots). The photosyn-
thetic parts were sorted into segments corresponding
to the following age classes (in days): 0 to 25 (A1), 25 to
50 (A2), 50 to 100 (A3) and 100 to 150 (A4). Photosyn-
thesis vs irradiance curves (P-I ) were obtained for each
age class. A description of the method and the results
of these incubations have been reported elsewhere
(Alcoverro et al. 1998), and the resulting photosyn-
thetic parameters are summarized in Table 1.

The respiratory demand of belowground parts was
determined experimentally, except for the remnant
dead sheaths (scales) attached to the rhizomes (Per-
gent et al. 1983, Mateo 1995). In effect, even when the
remnant dead sheaths represented a large biomass,
their respiratory demand was considered to be negligi-
ble, as demonstrated by Manzanera et al. (1998).

Hence, respiration rates of rhizomes (upper 5 cm),
roots (only those growing from the upper 10 cm of
rhizome) and live sheaths were determined for each
sampling in 3 replicate samples in the dark using tem-
perature-controlled incubators (the same water tem-
peratures recorded at the moment of collection, which
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ranged from 13 to 24°C) with the same methodology
reported in Alcoverro et al. (1998). To assess the possi-
ble bias introduced by incubating only the upper, most
active plant tissue (0 to 5 cm for rhizomes, 0 to 10 cm
for roots) 8 additional shoots with long rhizomes were
collected in January. Roots were divided into 2 classes:
apical (growing from the rhizome between 0 and
10 cm) and basal (between 10 and 20 cm), and rhi-
zomes were divided into 4 classes whenever possible
(0 to 5 cm, 5 to 10 cm, 10 to 15 cm and >20 cm) and in-
cubated as indicated above. These 4 classes were con-
verted to age classes by dating the rhizome segments
(see Pergent et al. 1989). The biomass-age distribution
was obtained by weighing the rhizomes corresponding
to each age class and calculating their relative per-
centage with respect to the total rhizome biomass.
After each incubation, the plant material was dried at
70°C to constant weight and subsequently weighed.
All results are expressed in mg O2 g DW–1 h–1.

Biomass of belowground organs was estimated with
4 corers of 15 cm section (see ‘Methodology’ in Mateo
& Romero 1997) collected in January; seasonal changes
in Posidonia oceanica rhizome and root biomass are
not relevant (Cebrián et al. 1997), since annual growth
is only a small fraction of their total biomass. Growth of

belowground organs (rhizomes and roots) are those
given by Mateo & Romero (1997) from the same station
(Table 2).

Total carbohydrate reserves. Subsamples of photo-
synthetic and non-photosynthetic dried (within 6 h after
collection) tissues were used for measuring total non-
structural carbohydrates (%TNC). Soluble carbohy-
drates and starch (TNC) were extracted from the
ground dry tissues in hot (80°C) ethanol and then
analysed using the methods described in Alcoverro et
al. (1999). 

Statistical analyses. Statistical significance of time
(seasonality) or tissue effect was determined by 1-way
ANOVA for each variable measured (Sokal & Rohlf
1981).

Whole-plant C balance calculations. Hourly data of
surface irradiance (W m–2) were obtained from a station
close (ca 20 km) to the study site, and then transformed
to µmol quanta m–2 s–1 (1 µmol quanta m–2 s–1 = 0.217 W
m–2, Valiela 1995). These data were transformed to sub-
surface quantum irradiance following Kirk (1983) to ac-
count for the reflection at the sea surface. The subsur-
face quantum irradiance was then transformed using
the Beer-Lambert expression (Iz = I0 × e–Kdz, where Iz

and I0 are the irradiances at depth z and the surface, re-
spectively, and Kd is the coefficient of light attentuation,
m–1) to estimate the absorption (including scattering) in
the water column. The attenuation coefficient was esti-
mated from weekly measurements (Secchi disk) of wa-
ter transparency and then applying the expression of
Weinberg & Cortel-Breeman (1978) as below:

(1)

where is Ds the Secchi disk depth (m).

  
K

D
d =

+( )
2 6

2 5
0 048

.
.

– .
s

107

Table 1. List of physiological constants used in the leaf carbon
balance, Pmax: production at saturating irradiance; Ic: compen-
sation irradiance; Ik: saturating irradiance; Resp: respiration,
and carbon concentration in leaves (as a percentage of dry
weight; source: from Alcoverro et al. 1998, 2000). The photo-
synthetic parts were sorted into segments corresponding to
the following age classes (in days): A1, leaf 0 to 25 d; A2, leaf 

25 to 50 d; A3, leaf 50 to 100 d; A4, leaf 100 to 150 d

Constant Month A1 A2 A3 A4

Pmax Dec 7.3 8.7 7.8 7.2
(mg O2 g–1 DW h–1) Feb 11.8 11.4 9.8 2.6

May 10.4 13.6 4.2 1.9
Jul 11.3 10.5 6.2 2.9
Sep 10.9 11.1 7.7 6.2

Ik Dec 8.2 16 92 98
(µmol quanta m–2 s–1) Feb 433 362 186 8.9

May 419 542 290 197
Jul 256 398 387 234
Sep 225 362 488 470

Ic Dec 1.5 2.5 19 16.8
(µmol quanta m–2 s–1) Feb 56.1 24.8 16 3.3

May 76.7 38.4 66.6 76.9
Jul 27.3 38 70.6 81.7
Sep 33.3 31.9 49.2 49.2

Resp Dec 1.43 1.27 1.32 1.52
(mg O2 g–1 DW h–1) Feb 1.34 1.1 1.26 1.63

May 1.39 0.84 1.01 1.05
Jul 0.7 0.72 1.42 1.52
Sep 1.3 0.62 0.85 1.16

% leaf carbon Annual 36.3 35.3 34.6 32.8

Table 2. Values used in the belowground carbon balance, and 
their sources

Variable Value Source

Rhizome biomass
(g DW shoot–1) 0.79 This study

Root biomass
(g DW shoot–1) 0.47 This study

Leaf sheaths biomass
(g DW shoot–1) 0.083 This study

Rhizome growth
(mg DW shoot–1 d–1) 0.24 Mateo & Romero 1997

Root growth
(mg DW shoot–1 d–1) 0.09 Mateo & Romero 1997

% C (rhizome) 38.4 Alcoverro et al. (2000)

% C (root) 41.5 Alcoverro et al. (2000)

% C (leaf sheaths) 30.6 Alcoverro et al. (2000)
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Net C gain (positive or negative, mg O2 g DW–1 h–1)
in each leaf age class (A1, A2, A3, A4) at time i, was
calculated for the light hours from the following equa-
tion (Edwards & Walker 1983):

(2)

where j = 1 to 4 corresponds to the leaf age, I is the
hourly incoming quantum irradiance at the canopy
level, Ikij, Pmaxij and Icij are the photosynthetic parame-
ters at time i for the age class j reported in Table 1. For
the dark hours, C gain was assumed to be equal to res-
piration.

C gain (or loss) of whole shoot was determined as fol-
lows:

(3)

where C gaini is the carbon gain (in mg C shoot–1 h–1)
at time i, and wij is the weight of the leaves (g shoot–1)
of age j at time i .

Daily C gain (mg C shoot–1 d–1) was obtained by inte-
grating these data on a 24 h basis.

Seagrass leaf epiphytes have also been proposed to
significantly reduce light and consequently photosyn-
thesis (e.g. Sand-Jensen 1977, Hootsman & Vermaat
1985, Silberstein et al. 1986). We examined this con-
tention using the P-I curves presented here, the epi-
phyte distribution following leaf age (authors’ unpubl.
data) and data of epiphyte light absorption reported in
Alcoverro et al. (1997a). According to these data, sig-
nificant light reduction will only take place in tissues
older than 100 d (A4 age class), and will reduce, on
average, 32% of the incident light between May and
August. This reduction has been taken into account
when estimating the C gain.

C demand of root, rhizome and sheaths was calcu-
lated from the measured rates of respiration. Aggre-
gate metabolic rates of belowground tissue (rhizomes
and roots) for each sampling event were calculated by
scaling the measured rates of respiration of the sheath,
the first 0 to 5 cm of rhizome and uppermost roots
(growing from the rhizome between 0 and 10 cm) to
the total biomass in each shoot (Table 2). Age rhizome
biomass distribution was incorporated to account for
the differences in metabolic oxygen uptake between
the upper parts and the rest. Daily C demand (mg C
shoot–1 d–1) was obtained by integrating these data on
a 24 h basis.

Daily growth rate (mg C shoot–1 d–1) was obtained by
adding the leaf growth to the growth of non-photosyn-
thetic parts (roots, rhizomes and sheaths) and con-
verted to C units using data of carbon concentration

(Tables 1 & 2). When, for a given month, growth data
were not available, an estimate was made by averag-
ing growth between the previous and the following
months.

Daily plant C balance at time i (in mg C shoot–1 d–1)
was obtained as:

Plant C balancei = C gaini – (C demandi + Gi) (4)

where G is daily growth rate. For the sake of clarity,
data are presented as monthly averages.

Integration of carbon gains has been observed to be
very sensitive to some parameters such as (1) the
reduction of respiration of roots and rhizomes, which
takes place when the oxygen supply from leaves drops
(i.e. night conditions), assumed by some authors to be
65% of the rate in the light (aerobic) period (Smith et
al. 1984), or (2) the photosynthetic conversion ratio
from O2 to C units that has been considered to be
either 1 mol of O2:1 mol CO2 (Herzka & Dunton 1998)
or 1.2 mol of O2:1 mol CO2 (Zimmerman et al. 1996). To
test our carbon budget sensitivity to these parameters,
values were calculated using the extreme values of the
preceding parameters.

The carbon balance was computed for 1993, during
which time most of the experimental values were
obtained. Additionally, and for the sake of comparison,
we evaluated the carbon balance for 1994, in which
light and water transparency were also available, and
assuming the same biomass, growth, respiration and
photosynthetic parameters calculated in 1993.

RESULTS

Environmental variables

Daily integrated measurements of photosynthetic
active radiation in air collected between December
1992 and December 1993 showed maximum values
from spring to the late summer and minimum values
in the winter period (Fig. 1a). The attenuation coeffi-
cient showed maximum values during winter and
spring, and the lowest during summer (Fig. 1b). Irra-
diance at –5 m (canopy level) presented the highest
values in summer and the lowest in winter, with some
particularly low values during spring (Fig. 1a). Varia-
tions in the daily integrated measurements of photo-
synthetic active radiation at the canopy level are bet-
ter explained by the variability in air irradiance (R2 =
0.82, p < 0.001), than by variability in water trans-
parency (R2 = 0.07, not significant). In fact, the irradi-
ance at the canopy level shows a clear autocorrelation
(R > 0.5 until lag = 20 d, p < 0.001) that highlights the
clear serial dependency of this variable.
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Growth rates, biomass allocation and metabolic rates

Shoot size and growth (including leaves and sheaths)
showed high seasonal variability. Shoots were largest
in late summer and decreased in size during fall, while
the shoot growth was at a maximum in June and
declined at the end of summer (Fig. 2). Biomass alloca-
tion was highest in the rhizome compared to the roots
and sheaths (Table 2). Among the non-photosynthetic
organs, leaf sheaths showed the highest respiration
values (Fig. 3). Nevertheless, none of those organs had
values higher than the leaves (Table 1). Leaf sheath
and root respiration exhibited a clear seasonality
(Fig. 3, Table 3), with the highest values in spring,
coinciding with maximum leaf elongation rates (Fig. 2).
Seasonal changes in rhizome respiration, although
with a relative maximum in July, showed only mar-
ginal signification (Table 3, Fig. 3a). Rhizome seg-
ments clearly showed a respiration decrease with tis-
sue age (Fig. 3b, ANOVA, p < 0.05). The respiration
rate of the youngest rhizome segment (0 to 5 cm) was
statistically different from the rest of the segments
(Tukey’s HSD test, p < 0.05). No significant differences
were observed among root classes (ANOVA, p > 0.05).

Carbohydrate reserves

Seasonal changes in total (sucrose and starch) non-
structural carbohydrate content (TNC) were consistent
across plant organs and leaf age classes (Fig. 4a–d,
Table 3), with the highest values from July to Septem-
ber and the lowest from February to May. The highest
values were found in the rhizomes (16.4% relative to
dry wt, Fig. 4c), as well as the highest differences
between seasonal minimum and maximum rates (12%
relative to dry wt, Fig. 4c). The lowest values were
found in the oldest leaves (1.1% relative to dry wt in
February), which also presented the minimum sea-
sonal differences (3% relative to dry wt, see Fig. 4a).

Within-shoot age variability was high (Fig. 4a), with
the younger age classes (0 to 25 and 25 to 50 d) pre-
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Table 3. Analysis of variance (ANOVA) to test the effect of
seasonality (i.e. sampling events) on respiration (mg O2 DW–1

h–1) of belowground organs and total non-structural carbon
content (% TNC) in the different plant organs and leaf age
classes (A1 to A4, see text). Treatment effects were consid-
ered statistically significant if *p < 0.05, **p < 0.01 and 

***p < 0.001.  ns: non-significant

Variable F Significance

Sheath respiration 3.61 *
Root respiration 12.72 **
Rhizome respiration 3.31 ns
% TNC in A1 0.297 ns
% TNC in A2 2.037 ns
% TNC in A3 3.416 *
% TNC in A4 11.91 ***
% TNC in rhizome 20.28 ***
% TNC in root 3.965 *
% TNC in sheaths 0.996 ns

a

b
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senting the highest values of TNC, but without any
seasonal effect (Table 3). Older age classes had the
lowest values, but with a clear seasonal trend as
described above (Table 3, Fig. 4a). 

Whole-plant C balance

C gain or loss of photosynthetic tissue was very low
from fall to spring (Fig. 5a), due both to the low surface
irradiance (Fig. 1a) and to the reduced daylength. In
summer, the balance was markedly higher, especially
in July and August, as a result of the amelioration of
the light conditions and the high Pmax values during
this period (Table 1). Epiphyte decreased the annual
net photosynthetic C gain by 4% (Fig. 5a).

The integrated C demand of the total non-photosyn-
thetic tissue was highest in May (Fig. 5b), which is
mostly a result of the higher respiration of the roots
(Fig. 5b). Carbon demand for growth (Fig. 5c) paral-
leled shoot growth (Fig. 2), as a result of the low vari-
ability in carbon concentration in the different tissues
and the assumed lack of seasonality in growth rates of
the non-photosynthetic organs (Table. 2). The period
May to June had the highest values followed by a
sharp decrease in fall (Fig. 5c).
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Whole-plant C balance showed alternate periods of
negative and positive values (Fig. 5d). Negative carbon
balance occurred from fall to spring, while positive car-
bon balance occurred only during the summer months
(Fig. 5d). Annual whole-plant carbon balance was
clearly dependent on the parameters used for the C
balance calculations (Table 4). However, in 1993 the
annual balance was negative for all cases, while in
1994 the annual balance switched from negative to
positive depending on the molar quotient (1.2 or 1.0
respectively; see Table 4).

DISCUSSION

Predictability of underwater irradiance in 
Mediterranean waters

The accuracy in the measurement (or estimation) of
photosynthetic active radiation reaching the plant
canopy seems a crucial aspect in the reliability of any
carbon balance (Zimmerman et al. 1994). Our calcula-
tions show that most of the variability of the underwater
irradiance can be attributed to variability of the surface
solar irradiance. The variability in water transparency
was small, and therefore has a minor impact on under-
water irradiance variability. This is due to (1) the rela-
tive shallowness of our study site (5 m), and (2) the
specificity of the Mediterranean waters, including the
lack of tidal movements generating daily cycles of tur-
bidity and the scarcity of nutrients (and associated
high transparency; Poole & Atkins 1929, Weinberg
1976, Ivanoff 1977). This is in contrast with the large
variability found by other authors in quite different
marine environments, such as areas under the influ-
ence of upwelling waters or estuaries (Dunton 1994,
Zimmerman et al. 1994), which precludes a correct
assessment of underwater light except when using
continuous recording. This is not the case for the much
more predictable Mediterranean area.

Importance of belowground carbon losses in the
C-budget of Posidonia oceanica

Respiratory rates of Posidonia oceanica belowground
organs (rhizome, root and sheaths) have been ob-
served to be very low and dependent either on tissue
age (e.g. rhizomes) or on seasonal constraints (e.g.
roots and leaf sheaths). Such seasonality does not seem
to rely on the yearly temperature cycle, but mainly on
metabolic constraints, such as the onset of the winter
growth, implicating reserves remobilization. Kraemer
& Alberte (1993) also found low respiratory rates for
the belowground (roots and rhizome) organs in the eel-

grass Zostera marina with a clear decrease following
tissue aging, and concluded that total plant respiration
was strongly controlled by shoot carbon metabolism.
However, this does not seem the case in P. oceanica
since even the low respiratory rates reported here rep-
resent an important demand due to the very high bio-
mass of these organs, which account for 60 to 86%
(summer-winter) of the total biomass. Other examples
in the literature of high belowground biomass are
found in the seagrass Thalassia testudinum, where
belowground tissue constitutes between 55 and 90%
of the total biomass and represents more than 50% of

111

D J F M A M J J A S O N D

-4

-2

0

2

4

W
h

o
le

 p
la

n
t 

C
 b

al
an

ce

0

1

2

3

T
o

ta
l 

n
et

 g
ro

w
th

-3

-2

-1

0

N
o

n
-p

h
o

to
sy

th
et

ic
 C

 d
em

an
d

-4

0

4

8

12

P
h

o
to

sy
n

th
et

ic
 C

 g
ai

n

Sheaths
Rhizome
Root
Total 

m
g 

C
 s

ho
ot

-1
 d

ay
-1

daily
monthly avg

with epiphytes

1993

Fig. 5. Monthly changes in (a) metabolic C gain of the photo-
synthetic tissue (daily and monthly averages and including
the epiphyte cover), (b) non-photosynthetic C demand,
(c) total C for growth and (d) whole-plant C balance 

(mg C shoot–1 d–1)

a

b

c

d



Mar Ecol Prog Ser 211: 105–116, 2001

the total plant respiration (Fourqurean & Zieman 1991).
In fact, recent studies on T. testudinum have consid-
ered the high sensitivity of carbon balance models to
the relative shoot:rhizome + root ratio, and thus, how
critical the correct estimation of the oxygen demand of
the belowground organs can be (Dunton & Tomasko
1994, Hemminga 1998, Herzka & Dunton 1998). In
addition to respiratory losses, other carbon losses
through roots may occur, such as a soluble carbon
excretion in moments of maximum carbohydrate syn-
thesis (Welsh et al. 1997) or release of fermentation
products, which would occur under hypoxic conditions
(Smith et al. 1984). The quantitative importance of
such potential processes is unknown in P. oceanica.

Carbohydrate pool

Seasonal changes in TNC content in Posidonia ocea-
nica are consistent across plant organs and leaf age
classes. The clear seasonal trend, which seems to be
constant across a wide geographical area (Pirc 1989,
Genot et al. 1994), and the absence of noise in the
series indicate the dependence of the carbon pool on
seasonal factors (large-scale factors, i.e. solar cycle).
This is in contrast with some findings in terrestrial
plants, especially crop plants, which clearly show daily
fluctuations (Rufty et al. 1983, Sicher 1984, Kalt-Torres
& Huber 1987). The absence of nighttime sucrose
depletion in leaves of other seagrass species (Zostera
marina; Zimmerman et al. 1995) suggests that sea-
grasses probably have a pool of carbohydrates high
enough to buffer the daily fluctuations in light avail-
ability without great changes, since most of the vari-
ability in carbohydrate content is reflected at a sea-
sonal scale. However, interannual variability should
not be discarded, since our data showed that the car-
bohydrate pool was higher in winter 1992 than in win-
ter 1993 (Fig. 6).

Growth prediction

It is also worth noting the impossibility of predicting
seasonal growth from the metabolic balance (plant C
balance excluding growth) as demonstrated by the
lack of correlation between these 2 variables (R2 = 0.06,
p = 0.40); in other words, leaf elongation at any
moment within a year cycle does not depend on a pos-
itive metabolic balance (when carbon gains exceed
carbon demands). Posidonia oceanica growth starts in
winter and reaches a maximum in June, when irradi-
ance is not yet at a maximum and the C balance of the
plant is not yet positive. This growth can only be sus-
tained by the carbohydrate reserves, which meet the

respiratory demands and support the re-growth after
massive autumnal leaf losses. With this early growth
the leaf canopy will be well developed in May–June,
before the occurence of maximum irradiance condi-
tions. Thus photosynthetic carbon fixation is maxi-
mized in the reduced time interval (June to Septem-
ber) in which light conditions are optimal, and this
allows the plant to store enough reserves to overwinter
and re-grow. During this period it is also possible, as
the increased metabolism in the rhizosphere of Zostera
noltii infers (Welsh et al. 1997), that plants are prone to
excrete carbon compounds into the rhizosphere. Sup-
ply and demand asynchrony seems to be the rule
rather than the exception for terrestrial plants (Chapin
1990), and growth demand may be largely supported
by stored reserves. In P. oceanica, there is also an asyn-
chrony between nutrient and light availability. During
July to August, when a positive carbon balance can be
achieved, nutrient availability both in the water col-
umn (Romero 1985) and in the pore water (Alcoverro et
al. 1995) are at a minimum, and plant growth is nutri-
ent-limited (Alcoverro et al. 1997b). In contrast, during
winter, when nutrient concentrations are high, light
conditions do not permit net carbon gains. Hence, the
described pattern of carbohydrate storage would not
only facilitate reaching July and August with a large
photosynthetic biomass, but would also enable an
important part of the annual leaf growth to take place
during nutrient-sufficient conditions. This could be
analogous to the annual growth cycle of some species
of macroalgae, such as those described by Chapman &
Craige (1978). In the case of P. oceanica, the growth
cycle may be controlled by an internal rhythm (Ott
1979), as has been observed in other seagrass species
(Dunton 1994), which is probably synchronized by
external factors (i.e. light; Lüning 1991, Lüning &
Kadel 1993).
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Coupling between whole-plant C balance and
carbohydrate pool

Posidonia oceanica carbon balance seasonality is the
result of the interplay among several seasonal factors
such as light, water turbidity, photosynthetic parame-
ters, respiratory rates, shoot growth, within-shoot age
distribution, non-photosynthetic:photosynthetic biomass
ratio and epiphyte cover. Herzka & Dunton (1998) con-
clude that even healthy seagrass populations, as in
Thalassia testudinum, may undergo periods of nega-
tive carbon balance depending on a variety of factors
such as season, previous history or physiological toler-
ance to anoxia. Likewise, Chabot & Hicks (1982) have
suggested that the amount of carbon lost during an un-
favorable season depends on its duration and severity.
In P. oceanica, the alternate seasonal periods of carbon
removal and storage are consistent with the periods in
which the C balance is negative (depletion of the car-
bohydrate reserves) and positive (refill of the carbohy-
drate reserves, Fig. 7). The average rates of reserve mo-
bilization (which can represent up to 0.7 mg C shoot–1

d–1) and the accumulation (up to 1 mg C shoot–1 d–1) are
consistent with the estimates of C deficit or excess during
the negative/positive periods of our C budget (Fig. 7).

Validity of annual C balance budgets

A solid criticism that can be adduced in the annual
calculation of the metabolic C balance is that some
parameters that definitively influence the results (e.g.
reduction of belowground respiration during the night
hours; oxygen conversion to carbon units) have been
used indistinctly in the literature dealing with seagrass
C balances (Zimmerman et al. 1996, Herzka & Dunton
1998). For Zostera marina, the belowground organs
consumption during the dark period has been ob-
served to be 65% of the rate in the light period (Smith
et al. 1984). Annual average redox potential in the
Medes Island station (74 mV, Alcoverro et al. 1995) is
low enough to support this assumption. During the
anaerobic period, fermentation processes have been
reported to be of more importance than respiration in
root metabolism. These fermentation products can be
excreted and may represent an additional C-loss.

The O2 to C conversion has been observed to be
another point of controversy in part because no data
are available about this conversion in seagrasses. In
the case of terrestrial plants that use starch and sug-
ars as respiratory substrates, as observed in Posidonia
oceanica,  the equivalence 1 mol of O2:1 mol CO2

seems widely accepted. However, more physiological
experiments should be done to further prove this
hypothesis in seagrasses.

Nevertheless, due to the uncertainty as to the use of
those parameters not yet been evaluated for Posidonia
oceanica and assuming all these sources of variation,
the resultant annual whole-plant C balance for 1993
was in all cases negative (Table 4), while the balance
for the following year (1994) was positive or negative
depending on the photosynthetic ratio used for the cal-
culation. These paradoxical results show the difficulty
in obtaining accurate annual estimates even when all
the variables are measured. However, the most impor-
tant conclusion for this annual carbon balance calcula-
tion is the negative value in all approximations which
can be explained by the low irradiance that occurred
during 1993 compared to 1994 (annual daily average
irradiance was 2334 and 2455 W m–2 d–1 respectively).
These results are also in accordance with the interan-
nual rhizome carbohydrate drop stressed above and
with the shoot density decrease (593 shoots m–2 in 1993
compared to 481 shoots m–2 in 1994, Romero et al.
1996) observed. The support of stored reserves from
senescing shoots and rhizomes might enable P. ocean-
ica to remain alive under conditions of insufficient light
but if the light limitation were to persist, it could have
severe effects on the seagrass recovery. The interan-
nual decrease between the 2 consecutive yr of the total
reserves (31%) is in accordance with the shoot density
reduction (19%). This interannual carbohydrate
reserves variability may provide an easy and useful
index for assessing an eventual P. oceanica density
decline. 
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In summary from the data pre-
sented here, 3 facts of major signif-
icance emerge: first, the importance
of respiratory losses associated
with the belowground organs which
make Posidonia oceanica very sen-
sitive to reductions in light avail-
ability (pulsed or continuous); sec-
ond, the clear asynchrony between
carbon fixation (photosynthesis) and
carbon use (respiration or growth),
which is balanced by the storage of
carbohydrate reserves; and third,
the interannual variability in the
carbon balance, which is reflected
in interannual changes in both car-
bohydrate reserves and shoot den-
sity values. Since P. oceanica is
regressing in the Mediterranean,
our carbon budget may notably
contribute to future carbon models
which are essential tools for defin-
ing the minimum light require-
ments of this plant. However, more insight into the
functioning of some of the parameters that definitively
influence this carbon budget is needed to fully under-
stand the vulnerability of seagrasses to light.
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