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The Mediterranean seagrass Posidonia oceanica accumulates large quantities of organic debris as roots, rhizomes and leaf
sheaths are progressively buried forming a bioconstruction called ‘ matte ’. The organic material remains with little
morphological alteration for millennia. Several strata from these accumulations in various P. oceanica meadows were
sampled. Radiocarbon dating of samples yielded a range of 0–3370 years before present. From these data, accretion rates
averaging 0·175 cm year "1 (range: 0·061–0·414) were inferred. Significant differences between sites were found.
Accretion rates showed significant differences between matte strata (i.e. with time), but no defined patterns were
appreciated. Such differences were not coherent across sites. It is concluded that accretion rates are mainly controlled by
local factors.
Analysis of carbon, nitrogen and phosphorous in the organic debris showed that there was not a net release during the
process of matte construction; in some sites, nitrogen and phosphorus concentration remained constant throughout the
matte profile, while in the other sites, their concentration increased significantly with age. This confirms the role of
P. oceanica meadows as sinks for biogenic elements.
? 1997 Academic Press Limited
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Introduction
The in situ accumulation of large quantities of biogenic materials over millennia is of ecological relevance (e.g. paleoclimatic records, sinks for biogenic
elements, organic reservoirs etc.), and occurs only in a
limited number of ecosystems. Peat is probably the
best-known example among terrestrial ecosystems
(Gorham, 1991; Clymo, 1992), and coral reefs
(Clausen & Roth, 1975; Barnes & Chalker, 1990)
among marine ecosystems. In situ organic accumulations in the marine environment are rare, having been
described for mangroves (Macintyre et al., 1995) and
seagrass species (Thalassodendron ciliatum: Lipkin,
1979; Posidonia australis: Shepherd & Sprigg, 1976;
Posidonia oceanica: Boudouresque & Meinesz, 1982)
for which belowground organs (roots and rhizomes)
are preserved within the sediment. Quantitative
data on these accumulations and their accretion
dynamics are very scarce (Aloisi et al., 1975; Belperio
et al., 1984; Boudouresque et al., 1980). In the
Mediterranean seagrass P. oceanica (L.) Delile, the
slow upward growth of the bed results in the proc
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gressive burial of roots, rhizomes and the attached
leaf sheaths, which are preserved in the sediment
forming a coarse-fibred structure called ‘ matte ’
(Boudouresque & Meinesz, 1982).
In a previous paper (Romero et al., 1994), the large
accumulation of carbon, nitrogen and phosphorous
resulting from this bioconstruction was investigated.
The present paper investigates its organic accretion
rates and the rate at which carbon, nitrogen and
phosphorous are accumulated by dating (using standard 14C methods) different strata of organic detritus
in several sites in the North-western Mediterranean.
Methodology
Samples were obtained from seven sites heavily vegetated with P. oceanica meadows (Figure 1). Sampling
strategy differed according to local conditions. In
most sites, samples were taken from vertical peat walls
created by partial erosion of the matte. At one site
(Medes islands), a 60) slope was excavated to achieve
a vertical profile. At another site (Culip), advantage
was made of an excavation in the seagrass deposits
performed by archaeologists working on a fourteenth
century shipwreck.
? 1997 Academic Press Limited
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F 1. Geographical location of the different study sites: Culip (CL), Port Lligat (PLL), Medes (MD), Campello (CP),
Tabarca (T1 and T2) and Ischia (IS).
T 1. Main features of the sampling programme

Site

Site

IS
CL
PLL
CP
T1
T2
MD

Ischia
Culip
Port-Lligat
Campello
Tabarca 1
Tabarca 2
Medes

Depth
(m)
10
4
3
3
5
1·5
14

Replicates

Material

Thickness
sampled
(cm)

1
1
3
3
3
1
1

Rhizomes+roots
Rhizomes+roots
Rhizomes
Rhizomes
Rhizomes
Rhizomes
Rhizomes+roots

320
160
135
200
170
100
200

Samples were taken at regular intervals along the
matte profile; the number of samples per site depended on the total height of the exposed matte
(Table 1).
Except for one site, each sample consisted of a
horizontal core taken from the wall, with a volume of
3500 cm3. Only the distal third of the core was
retained and processed to avoid effects derived from
the exposure of the front of the wall to the open water.
In the Culip site, a complete section (160#20#
20 cm) of the matte was extracted, and then divided
into subsections.
In three sites, replicate profiles (n=3) were obtained, separated by about 50 cm, to assess within-site
variability.
After collection, samples were washed in seawater
until sediments were eliminated. Whenever possible,
the rhizomes and attached leaf sheaths were separated
from the roots and a fine undifferentiated organic
debris fraction, and kept for subsequent analysis. Such
fractionation was done to avoid dating errors derived
from downward growth of roots, which do not reflect

Number
of
samples
5
9
3
5
4
3
10

the ages of the strata where they were found. A certain
error associated to plagiotrophic (horizontal) growth
of rhizomes cannot be avoided as it is not possible to
determine precisely their original growing direction in
most of the samples. However, given the rates of
horizontal growth and the size of the samples, the
errors eventually derived from this circumstance may
remain largely below the intrinsic errors of the dating
methods.
The part of the sample retained was desiccated
(70 )C until constant weight) and then finely ground.
Subsamples were used for radiocarbon dating and
carbon, nitrogen and phosphorus analysis.
The current ages are reported as radiocarbon
dendrocalibrated years before present (reference
year for present: 1950 AD) using the National Bureau
of Standards oxalic acid as reference sample and
following standard procedures (Talma & Vogel, 1993;
Vogel et al., 1993). Intrinsic error of the method
was &50–80 years including the counting of the
modern standard, background and the sample being
analysed.

Seagrass millenary organic deposits 105
Age (years)
0

0

600

1200

1800

2400
PLL

50

0

0

600

1200

1800
T

50

100

2400

100
T2

150

150

200

200

250

250

300

300

T1 T1
T1

Depth in the sediment (cm)

0

0

600

1200

1800

2400
CP

50

0

100

150

150

200

200

250

250

300

300
0

600

1800

2400
IS

50
100
150

1200

600

1200

1800

0
50

2400
CL

50

100

0

0

*

0

1200

2400

3600

4800
MD

100

*

150

200

200

250

250

300

300

F 2. Standard radiocarbon ages (years before present) as a function of depth in the matte for the seven sites sampled.
Notice that the range of the Age axis for MD is twice the range of the others. *Samples showing age values significantly lower
than the ones above them. These values have been excluded for accretion rates estimation purposes and for statistical analysis
(abbreviations as in Figure 1).
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T 2. Summary of the ANOVA performed to assess within-site variability in the matte accretion
process
Source of
variability

df

MS

Site
Sediment depth
Site#sediment depth
Error

2
2
4
16

212 337
691 585
103 759
21 315

SS
424 674
1 383 170
415 038
341 041

Variability
(%)
16·6
53·9
16·2
13·3

F
9·961
32·445
4·867

P
0·0015
<0·0001
0·0092

df, degrees of freedom; MS, mean squares; SS, sum of squares.

Carbon and nitrogen analyses were performed using
a Carlo-Erba NA 1500 Autoanalyser (Servicios
Científico-Técnicos, Universidad de Barcelona,
Spain). Phosphorus was analysed by induced coupled
plasma after wet acid digestion (Mateo & Sabaté,
1993).
Data from the three sites where replicate profiles
were taken (PLL, T1, CP) were analysed using
ANOVA, with the radiocarbon age as the dependent
variable, and site and sediment depth as independent
variables. For each site, an average accretion rate was
computed by regressing the radiocarbon age on the
sediment depth. Partial accretion rates for consecutive
samples were computed as the quotient between the
age differences and the distances between samples.
The averaged accretion rates were used to test differences between sites, using a one-way ANOVA (after
log transformation of the variable to meet the assumptions of homogeneity of variances through the Bartlett
test).
The coherence of accretion rates over time across
sites was tested using Kruskall–Wallis non-parametric
test, where the grouping variable was the radiocarbon
age of the stratum (by intervals of 100 years).
Results and discussion
The samples yielded values in the range 0–3370 years
before present (BP; Figure 2). Intrinsic errors of the
method accounted for apparent incoherences in age
values (i.e. samples showing lower radiocarbon ages
than other samples above them in the matte) except
for three cases. These cases were discarded for
accretion and decay rate estimation purposes.
The oldest value was recorded at MD at 2 m depth
in the sediment. At this site, the presence of a matte
formation extending to 4 m depth in the sediment
was verified. This was not sampled due to technical
problems in the excavation process; thus, it is likely
that the age of this accumulation is at least in the
range of 6000–7000 years BP.

The matte deposition is mostly due to the growth of
the vertical axis of P. oceanica, which induces a slow
upward movement of the seafloor (Pérès, 1982;
Boudouresque et al., 1984). Organic debris and sediment form this structure. At a few centimetres below
the sediment surface (2–6 cm, depending on the site),
hypoxia occurs, with low redox potentials (<165 mV;
Stum & Morgan, 1981; Alcoverro et al., 1995) that
become negative from 8–10 cm downwards. This
feature, together with the refractory nature of the
material (Crouzet, 1984; Lipkin, 1979), probably
accounts for the long-term preservation of these
organic accumulates. Further, the maintenance of
such a low redox potential may also be a consequence
of the slow but continuous matte organic material
oxidation (Clymo, pers. comm.; see below).
Results of the ANOVA for radiocarbon ages from
the sites with replicate profiles are summarized in
Table 2. Differences between sites are small but
significant, indicating differences in average radiocarbon age; the significant interaction indicates that
accretion rates differ from one site to another. Since
the error term, including both the intrinsic error of the
material, sampling error and within-site variability,
accounts for only 13% of total variability, it is concluded that the vertical age pattern of the matte is
uniform for a given site, at least at the spatial scale
considered.
The analysis of accretion-rate variability among
sites showed only weakly significant differences
(P=0·091), with lower values at the MD and CL sites
than the others (Table 3).
No overall significant differences in accretion rates
were observed for the different strata (P=0·8), indicating that there was no overall effect of age on
accretion rates (linear-like pattern followed by age
with depth in the sediment; Figure 1). This lack of
consistency between sites in accretion rates suggests
that the accretion process is not controlled by largescale factors [e.g. changes in temperature or CO2 (aq)
concentration] in the time period considered.
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T 3. Average estimated carbon, nitrogen and phosphorus accumulation rates in the matte
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1·03
0·66
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0·414
0·203
0·114
0·188
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26·8
178·0
255·8
143·6
236·9
30·8
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9·0
75·0
112·1
61·7
104·2
12·6

Mean

0·175

136·6

57·8

2000
CP

MD

4000

0·59 0·031

Elementary composition of the material studied
ranked from 35·0–44·0% C, 0·35–0·84% N and
0·020–0·037% P relative to dry weight. These values
are relatively high compared to the composition of
living rhizomes at 37·8–38·4% C, 0·65–0·86% N and
0·028–0·045% P (Pirc, 1983; Romero et al., 1992,
Mateo, 1995). Net nutrient release along the vertical
profiles was not observed; element concentration remained more or less constant with time or increased
significantly. Carbon accumulated significantly with
age in some sites (CP: r=0·663, P<0·00001, n=13;
MD: r=0·550, P<0·00001, n=10) or remained constant in some others (CL, PLL and IS). Nitrogen
accumulated significantly in CL (r=0·743, P<0·0032,
n=8) and T1 (r=0·594, P<0·00001, n=13), while
phosphorus did so in MD (r=0·681, P<0·0029, n=9)
and T1 (r=0·901, P<0·00001, n=13). Figure 3 shows
the cases where elemental accumulations occur.
Assuming a matte thickness of 1–4 m, and around
100 mg dry weight cm "3 of bulk density (Romero
et al., 1992 and unpubl. data), the amount of necromass accumulated under P. oceanica seagrass beds
can be estimated as around 4–16#104 gC m "2,
of the same order as accumulated by peat
(12#104 gC m "2; Warner et al., 1993) or coral reefs
(15–60#104 gC m "2; Stoddart, 1969, Kinsey, 1983).
However, in global terms and assuming that the species
covers 2% of the Mediterranean sea-floor (Béthoux &
Copin-Montégut, 1986), the total carbon storage below P. oceanica is relatively modest (2·0–8·1#1015 gC,
34·8–139·2#1015 gN and 3·5–13·9#1012 gP), and
much lower than for peat (450#1015gC; Warner et al.,
1993) or coral reefs [100–400#1015 gC, for the upper
1–4 m of reefs; data combined from Stoddart (1969),
Smith (1978) and Kinsey (1983)].
The rates of carbon, nitrogen and phosphorus
accretion in the matte appear in Table 3. There are
strong disparities, due both to differences in the
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F 3. Carbon, nitrogen and phosphorus concentration
in the organic debris plotted against depth in the matte for
the sites where a significant accumulation of these elements
was observed (abbreviations as in Figure 1).

accretion rates and in the presence or absence of
nutrient concentration increase with time (see Figure
3), but the ranges given here do not differ substantially from the tentative values estimated previously,
and thus confirm that the role of these seagrass beds as
sinks for biogenic elements can be relevant at a local
scale (e.g. neritic waters: Romero et al., 1994).
Values of matte accretion reported in Table 3 are
substantially lower than those from the literature
(accretion rates: 0·34–1·5 cm year "1; Bay, 1978;
Boudouresque et al., 1983; Pirc, 1983; Bay, 1984;
Thelin & Boudouresque, 1985; Romero, 1985;

–1

Vertical accretion (mm year )
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Pergent, 1987; Pergent et al., 1989; Semroud et al.,
1990; Romero et al., 1992; Sánchez-Lizaso, 1993;
Romero et al., 1994; Marbà, 1995), and are due to
differences in the time scale considered. While most of
the data from the literature were obtained on a shortterm basis (a maximum of 30 years), the present data
represent net accretion values integrated over centuries or millennia, and thus include mortality and
erosional events. This is supported by a strong negative effect of the time elapsed between consecutive
measurements and resulting accretion rates, with
strong differences (significance level P<0·0001: post–
hoc Tukey test) between ‘ short-term ’ (i.e. less than
100 years) and ‘ long-term ’ estimates (Figure 4).
Decay rates for belowground organs of this species
have been estimated in 0·086–0·216 year "1 (Romero
et al., 1992 and unpubl. data), but these data are only
for parts exposed to the open water or within the few
upper aerated centimetres of the sediments. Obviously, they are not maintained throughout the matte:
observation of the oldest materials indicate that the
most refractory organs are the leaf sheaths (which
external morphology remains almost intact after more
than 3000 years), and the roots, which are usually
found fragmented; the rhizomes seem to be less
refractory, and no identifiable remains are found in
the oldest (>1000 year) samples.
To estimate a long-term decay rate for these debris,
the model proposed by Clymo (1984) was used:

CL

2

(1)

M=(p/á)*(1"exp["áT])
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F 5. Curves resulting from fitting the equation M=
(p/á)*(1-exp["áT]) to the observed data (Clymo, 1984).
M, cumulative dry weight; T, dendrochronological calibrated radiocarbon age of the material; P and á are the
parameters to be estimated, the accretion and decay rates,
respectively (abbreviations as in Figure 1).

where production (p) and decay rate (á) are the
parameters to be estimated in the function relating
the observed cumulative mass (M) to the age of the
material (T).
Data of M vs. T were plotted (Figure 5), and
Equation (1) was fitted to the data from CL and IS
sites (where data of density of the matte were available), using the Quasi-Newton method. The estimates
of á and p appear in Table 4. The decay rates
obtained, given the reduced number of points to fit

T 4. Fitted parameter values for Equation (1) (see text)
á

P
Species
Posidonia
Posidonia
Peat

Site
Ischia
Culip
New Brunswick

gm

"2

year

113
27
190

"1

"1

SEM

year

66·3
11·4
5·5

0·00036
0·00008
0·00011

SEM

Var. exp.
(%)

r

n

0·00092
0·00047
0·00001

58·5
76·6
—

0·765
0·875
—

6
9
16

The parameters P and á are the accretion and the decay rates, respectively. Data for the peat formation at New
Brunswick are from Warner et al. (1993).
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the curves, must be considered only as a rough
approximation. Despite the multiple and obvious
differences between peat and matte formations, the
results obtained evidence the concurrence of analogous processes (e.g. the rapid isolation relatively refractory material from the oxidizing atmosphere)
resulting in a similar balance between accretion and
decay (Table 4; Warner et al., 1993).
Seagrass ecosystems are, in general, subjected to
decline, mostly due to human activities (e.g. Larkum
& West, 1983). Posidonia oceanica beds have declined
or regressed over the last decades (Blanc & Jeudy de
Grissac, 1984; Porcher, 1984; Zavodnik & Jaklin,
1990), and this may change the role of the matte from
a carbon sink to a carbon source. Using the same
assumptions as above (1–4 m thickness of matte, dry
bulk density of 100 mg dry weight cm "3) and the
decay rates derived from Table 4, this potential
carbon source is estimated to be in the range
3–55 gC m "2 year "1.
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