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INTRODUCTION

The seagrass Posidonia oceanica is one of the most
important primary producers in the Mediterranean
covering between 25 000 and 50 000 km2 of the coastal
zone (Pasqualini et al. 1998).The plant is, however, in a
state of regression across the Mediterranean due to
anthropogenic activities such as direct mechanical
damage by trawling, construction works and eutrophi-
cation of the coastal zones (Gonzalez-Correa et al.
2005, Marba et al. 2005). Large declines of P. oceanica

have also been reported in areas with marine aquacul-
ture activities (Delgado et al. 1997, Ruiz et al. 2001,
Marba et al. 2006) where release of dissolved nutrients
and sedimentation of particulate organic matter from
waste products change conditions in the water column
and in the sediment. The released nutrients stimulate
growth of phytoplankton and epiphytes, reducing the
light available for the seagrasses; in addition, the
epiphytes lead to increased grazing pressure on the
plants (Ruiz et al. 2001). In the sediment, the degra-
dation of organic material, mainly through aerobic
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mineralization and sulfate reduction, causes anoxic
sediment conditions and elevated concentrations of
sulfide (Holmer & Kristensen 1992, Holmer & Frederik-
sen 2007). Sulfide is potentially toxic to plants, affect-
ing the function of various metallo-enzymes and ATP
production (Allam & Hollis 1972, Koch & Erskine 2001).
The combined effects of sulfide and anoxia have been
shown to significantly affect seagrass growth and sur-
vival (Goodman et al. 1995) and are considered major
causes of seagrass die-back events (Carlson et al. 1994,
Borum et al. 2005). Further, the negative effects of sul-
fide are believed to be more profound in carbonate
rich, iron poor sediments characteristic of the Mediter-
ranean, with little capacity of binding and removing
the toxic sulfides from the porewater (Chambers et al.
2001). Sulfide may therefore significantly influence
growth and survival of P. oceanica in the vicinity of fish
farms, but little is known about the tolerance to sulfide
of this seagrass. 

Seagrasses have adapted to anoxic and highly
reduced sediment conditions by developing an inter-
nal system of air channels (lacunae) where oxygen can
move by gas phase diffusion from the leaves to the
rhizomes and roots (Roberts et al. 1984, Greve et
al. 2003) enabling these tissues to maintain aerobic
metabolism despite growing in anoxic sediment.
Oxygen in excess of respiratory needs diffuses out of
the roots, creating a sphere of oxic sediment, where
sulfide and other reduced compounds are oxidized and
thereby prevented from damaging the plant (Jensen et
al. 2005, Frederiksen & Glud 2006). In some cases, for
example at night when photosynthesis is absent or if
the oxygen concentration in the water column is low,
oxygen transport to the roots is reduced and sulfide
may enter the plant (Pedersen et al. 2004, Borum et al.
2005, 2006). As for oxygen, the sulfide moves between
roots, rhizomes and leaves by gas phase diffusion in
the plant lacunae (Pedersen et al. 2004, Borum et al.
2005) and at some point, depending on the plant oxy-
gen status, is exposed to oxygen. The mechanisms for
sulfide reoxidation in plants are not well known, but
possible oxidation products include elemental sulfur
(S0), sulfate (SO4

2–), thiosulfate (S2O3
2–) and others

(Jørgensen & Bak 1991). Recent studies showed an
accumulation of S0 in tissues of Zostera marina
exposed to sulfide suggesting S0 to be one of the im-
portant reoxidation products (Holmer et al. 2005,
Frederiksen et al. 2006). Whether an uncontrolled
invasion of sulfide and accumulation of sulfur also
happens in Posidonia oceanica exposed to high sulfide
concentrations in the sediment is not known. 

Stable sulfur isotopes have previously been used to
detect sulfide invasion and uptake of rooted macro-
phytes (Fry et al. 1982, Raven & Scrimgeour 1997). This
technique takes advantage of the different isotopic

composition of the 2 main sulfur sources for the plants
which are sulfate, either derived from the seawater or
the sediment porewater, and sulfide in the sediment
porewater (Fry et al. 1982, Raven & Scrimgeour 1997).
Sulfate reducing bacteria discriminate against the
heavy 34S isotope relative to 32S and the sulfide
produced ends up with a different isotopic composition
(δ34S – signal) than sulfate. Sulfate generally shows
remarkably constant δ34S around +21‰ in seawater
(Rees et al. 1978) but is more variable in sediment
porewater, where values up to +60‰ may be found
(Kaplan et al. 1963, Jørgensen 1979). The δ34S of
sediment sulfides varies considerably, usually in the
range from –10‰ to –20‰, and individual values
as low as –50‰ have been observed (Strauss 1997).
Seagrasses invaded by sulfides are therefore expected
to have a lower δ34S signal than plants not subjected
to sulfide invasion (Fry et al. 1982, Frederiksen 2005). 

As Posidonia oceanica is one of the slowest growing
seagrass species in the world and rarely reproduces
sexually (Hemminga & Duarte 2000) recovery times
after disturbances are long, in the order of centuries
(Duarte 1995, 2002). With an expected expansion of
marine aquaculture in the Mediterranean over the
coming years (~6% yr–1, UNEP 2002) the pressure on
P. oceanica increases and extensive knowledge of the
factors that control growth and survival of P. oceanica
is essential. This study focuses on the effects of
increased sediment sulfide concentrations in fish farm
areas on the invasion and accumulation of sulfide in
P. oceanica. The composition of stable sulfur isotopes
and concentrations of total (TS) and elemental sulfur
(S0) are determined for P. oceanica at 3 fish farms
situated in different parts of the Mediterranean (Spain,
Italy and Greece). Further, the level of sulfide
exposure in the sediment is assessed from measure-
ments of sulfate reduction rates (SRR), sediment sulfur
pool sizes, porewater sulfide concentrations and depth
of sulfide front along transects from the fish farms.
Possible relationships between the δ34S signal in the
plant and sulfide exposure in the sediment are investi-
gated as well as the effects of sulfide invasion on TS
and S0 concentrations in the seagrass and on seagrass
mortality.

MATERIALS AND METHODS

Study sites. The 3 fish farms were located in Spain,
Italy and Greece (Fig. 1). The Spanish farm was
situated near the village of El Campello (SE Spain)
with fish cages placed at depths between 26 and
28 m (Table 1). The operation began in 1997 and the
annual production had been around 260 t yr–1. The
sediment consists of fine carbonate sand and Posido-
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nia oceanica meadows were present about 10 m from
the cages. The farm in Italy was situated in Pachino
Bay on the SE coast of Sicily at 22 to 24 m depth.
Fish production had been ca. 1150 t yr–1 and the
operation started in 1992. P. oceanica was present
less than 5 m from the cages, growing in mixed car-
bonate sand and rock. The Greek farm was located
at the south coast of Attiki between the mainland
and the Island of Patroklos. The farm had been oper-
ating since 1997 with an annual fish production of
ca. 400 t yr–1 and was placed at water depths from
15 to 20 m. The sediment consisted of carbonate
sand with P. oceanica present about 15 m from the
cages. At all farms the reared species were sea
bream Sparus aurata and seabass Dicentrarchus
labrax, with sharpsnout seabream Diplodus puntazzo
being produced in Italy in addition to sea bream and
seabass. 

Sampling. Sampling was carried
out during September 2002 in Italy
and during June and September 2003
in Spain and Greece, respectively,
corresponding to the season with
maximum fish production. At each
farm 3 sampling stations were placed
at increasing distance from the farms
down-stream in the main current
direction. Stn 1 was placed close to
the cages (5 to 15 m), Stn 2 was 35 to
40 m away and Stn 3, acting as con-
trol site, was 1000 to 1200 m away
from the farm (Table 2). The exact
position of each sampling station
along the transects varied slightly
among the farms due to variance in
the presence of seagrasses at the 3

study sites as described above. At each
station, sediment cores and plants of
Posidonia oceanica were collected by
SCUBA diving and transported to the
laboratory for further analysis.

Sediment analyses. The bulk sedi-
mentation rate and sedimentation of
organic carbon (and other parameters,
see Holmer et al. 2007) was quantified
by benthic traps deployed for 48 h
about 50 cm above sediment surface.
The traps consisted of 20 ml cylindrical
glass centrifugation tubes with an
aspect ratio of 5, in order to prevent
resuspension. The trap material was
collected on a GF/C filter and analyzed
for particulate organic carbon (POC) by
elemental analyzer combustion contin-
uous flow isotope ratio mass spectrom-

etry (EA-C-CF-IRMS, Iso-Analytical). Prior to analysis,
each sample (~100 mg) was acidified (2 ml 10% HCl)
for 12 h to remove carbonate carbon. The sediment
POC contents were measured in dry sediment with a
Carlo Erba elemental analyzer following Kristensen
& Andersen (1987). 

Rates of sulfate reduction were measured using the
core injection technique (Jørgensen 1978) where
radioactive 35S-SO4

2– was injected into a sediment core
at 1 cm intervals down to 10 cm and incubated for 2 to
4 h in darkness, after which the sediment was sliced in
1 cm intervals and preserved in 1 M zinc acetate. The
sediment was distilled according to the 2-step proce-
dure of Fossing & Jørgensen (1989) to obtain the acid-
volatile sulfur fraction (AVS) of sulfides containing the
pools of porewater sulfide and FeS and the chromium
reducible sulfur (CRS) pools consisting of FeS2 and S0.
Radioactivity was counted on a scintillation counter
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Fig. 1. The 3 study sites in Spain, Italy and Greece

Table 1. Characteristics of the 3 fish farms studied. DW: dry wt

Characteristic Spain Italy Greece

Water depth (m) 28 22 16
Sediment conditions Carbonate Carbonate Carbonate

(82% DW) (94% DW) (87% DW)
– fine sand – sand – sand

Seagrass distance from cages (m) >10 >5 >15
Cultured species Sea breama Sea bream Sea bream

Sea bassb Sea bass Sea bass
Sharpsnout sea breamc

Annual production (tonnes) 260 1150 400
Feed input (tonnes) 520 2749 640
Years of operation at 7 10 7
date of sampling
Sampling date Sep 2002 Sep 2003 Jun 2003
aSparus aurata, bDicentrarchus labrax, cDiplodus puntazzo
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and the total SSR was calculated by
integrating the rates over the 10 cm
depth intervals and summing up the
SSR of the AVS and the CRS frac-
tions. The concentration of sulfides
in the AVS and CRS pools was
determined spectrophotometrically,
according to the method of Cline
(1969).

Direct measurements of the sul-
fide concentration in the sediment
porewater were done in Spain and
in Greece. Sediment porewater in
the top 11 cm of sediment was ex-
tracted from intact sediment cores in
2 cm intervals using sippers made of
closed steel syringes with 0.4 mm
holes drilled near the end (Berg & McGlathery
2001). Filtered samples were preserved in zinc acetate
and analyzed spectrophotometrically as described
above.

The depth of the sulfide front in the sediment (i.e. the
sediment depth below which sulfide is present) was
determined by inserting 7 or 10 cm long silver sticks
into intact sediment cores for 12 h. The sulfide reacts
with silver to form Ag2S, which can be detected as a
black precipitate on the silver sticks. 

Sediment samples for analysis of the isotopic compo-
sition of sulfur (δ34S) were prepared from homogenized
sediment derived from the root zone (2 to 10 cm). As for
the SSR, the sediment was distilled according to the
2-step procedure of Fossing & Jørgensen (1989), but
the sulfide was precipitated as Ag2S and analyzed for
the sulfur isotopic composition at Iso-analytical, UK
(Spain and Greece) or Indiana University, USA (Italy)
by elemental analyzer combustion followed by isotope
ratio mass spectroscopy. The stable isotopic signatures
of sulfur were reported in standard delta notation
(units per mille, ‰), calculated as follows:

δ34S = [(Rsample / Rstandard) – 1] × 1000

where Rsample = 34S / 32S in the sample and Rstandard is the
isotopic composition of the troilite standard from the
Canyon Diablo meteorite, used as a standard zero
point for expression of sulfur isotopes.

Samples for measuring the δ34S of sulfate in seawater
and sediment porewater were prepared by centrifug-
ing seawater or sediment (10 min, 1500 × g) followed
by boiling of the supernatant under acidic conditions
(3 M HCl) and precipitating sulfate with BaCl2 as
BaSO4. Isotopic analyses of BaSO4 were made at Iso-
analytical, UK

Plant analyses. The Posidonia oceanica plants were
separated into leaves (2 youngest), rhizomes (horizon-
tal with the leaf scales peeled off) and live roots and

rinsed carefully with distilled water to remove salts
and sediment and then freeze-dried. Homogenized
tissue was packed in tin capsules together with vana-
dium pentoxide and analyzed for δ34S and total sulfur
content (TS) at Iso-analytical, UK. The amount of
elemental sulfur (S0) in the plants was determined by
extracting dried plant tissue (5 to 20 mg) in 5 ml HPLC-
grade methanol for 24 h and measuring the concen-
trations of the extracted S0 by HPLC, according to
Zopfi et al. (2001). 

The δ34S of S0 in the roots and rhizomes was deter-
mined by a modified soxhlet extraction followed by
isotopic analysis (Berner 1964, Canfield et al. 1998).
Briefly, between 350 to 650 mg plant tissue was placed
in methanol for 24 h and centrifuged (1500 × g, 10 min).
The supernatant was transferred to a solution with 8 ml
6 M HCl, 16 ml 1 M Cr2+ and Cu grains (Merck
230 mesh ASTM) and distilled by boiling for 1 h.
During distillation S0 is reduced to H2S, which is
precipitated with AgNO3 as Ag2S. The Ag2S was
weighed in tin capsules together with vanadium
pentoxide and analyzed for δ34S as described for the
plant material. This analysis was only done on roots
from the Italian site and, due to the considerable
amounts of plant tissue needed for the analysis, root
tissue from Stns 1 & 2 was pooled. 

In order to estimate how much of the total sulfur in
the plants was derived from sediment sulfide, the para-
meter Fsulfide was estimated using the following mixing
equation: 

where δ34Stissue is the value measured in the leaf,
rhizome or root, δ34Ssulfate is the value measured in the
seawater and the δ34Ssulfide is the value measured in the
AVS pool, which includes porewater sulfide potentially
invading the seagrasses. At stations where data from

F
S S

Ssulfide
tissue sulfate

sulfide

=
−
−

δ δ
δ

34 34

34 δδ34
100

Ssulfate

×

96

Table 2. Position of sampling stations at the 3 fish farms, bulk sedimentation rate
and carbon sedimentation rate at the sediment surface, and the content of particu-
late organic carbon in the top 2 cm of the sediment. SE (n = 3) is shown for POC and

bulk sedimentation rates and there was no replication of C sedimentation

Site Stn Distance from Bulk Sedimentation   POC in top 2 cm
cage (m) sedimentation rate of C of sediment

(gDW m–2 d–1) (g C m–2 d–1) (%DW)

Spain 1 10 30.06 ± 3.13 3.58 2.78 ± 0.23
2 40 13.97 ± 0.82 1.17 0.79 ± 0.17
3 1000 11.08 ± 2.06 0.71 1.60 ± 0.43

Italy 1 5 10.83 ± 5.57 0.81 1.32 ± 0.48
2 40 8.32 ± 1.01 0.46 1.34 ± 0.23
3 1000 8.18 ± 2.16 0.27 0.74 ± 0.41

Greece 1 15 4.63 ± 0.20 0.44 1.45 ± 0.52
2 35 3.77 ± 0.69 0.50 1.33 ± 0.21
3 1200 1.59 ± 0.38 0.12 0.96 ± 0.35
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AVS pools were not available, data from the nearest
station were used. Fsulfide, in contrast to direct mea-
surements of plant δ34S, adjusts for the observed
variation in δ34S of the sulfur sources. Variable signals
of sulfur sources will affect plant δ34S and thus prevent
direct comparisons between sites and stations, but
the Fsulfide overcomes this problem (Frederiksen et al.
2006).

Statistical analyses. Data from each farm were tested
for normality and homogeneity of variance. Sediment
data on SRR, AVS and CRS pool, and depth of sulfide
front were evaluated using 1-way ANOVA (factor:
station). A 2-way ANOVA was used to evaluate
sediment δ34S (factors: station and pool) and plant δ34S,
Fsulfide, TS and S0 (factors: station and plant tissue). The
ANOVA tests were followed by a post-hoc Bonferroni
adjusted Fisher’s LSD test. Linear regression analysis
was used to test for significant relationships between
plant and sediment parameters. Tests were performed at
the p < 0.05 significance level and all statistical analyses
were carried out in SAS ver. 8.02 (SAS Institute).

RESULTS

Sediment properties

The bulk sedimentation and sedimentation of
particulate organic carbon decreased exponentially
with distance from the farms, but variation was quite
high and changes were not significant (see Holmer et
al. 2007 for further details) (Table 2). Sediment content
of particulate organic carbon (POC) also decreased
exponentially with distance (see Holmer et al. 2007 for
further details) (Table 2). The sediment SRR and AVS
pools decreased with distance from the farms (signifi-
cant for Italy [p < 0.05] Table 3). AVS pools in Italy
were also markedly higher than the rest of the sites.
The CRS pools showed no significant pattern of
change with distance from the fish farms. The depth of

the sulfide front generally increased with distance
from the fish farms with sulfide present almost to the
sediment surface at Stn 1 compared to >6 cm depth
at Stn 3. The degree of Ag2S precipitation varied
markedly among the 3 fish farms with the most exten-
sive precipitation in Italy. Direct measurements of
the porewater concentrations of sulfide in Spain and
Greece were generally low (maximum average con-
centrations of 19.3 µM and 4.7 µM, respectively) with
the highest concentrations at Stn 1 (not significant).

The δ34S of AVS (δ34SAVS) and CRS (δ34SCRS) pools
varied among the 3 study sites and also showed varia-
tion with distance from the farms (Fig. 2a). The most
pronounced changes were in Greece, where δ34SCRS

decreased significantly (p < 0.05) with distance from
the farm, and in Spain, where δ34SAVS increased notice-
ably, however not significantly, from Stn 2 to Stn 1. The
δ34SAVS sulfur pool was on average 9.7‰ higher than
δ34SCRS, but in Spain differences as large as 24‰ were
observed. Due to the small amounts of sulfides in the
AVS pool, it was not possible to obtain enough mater-
ial for isotopic analysis of this pool at the control
stations (Stn 3). 

The δ34S of sulfate in seawater was nearly constant
across the Mediterranean, ranging from +20.0‰ in
Italy to +21.2% in Spain (Table 4). The δ34S of pore-
water sulfate was measured once at each station along
the transects and as no apparent change was observed
with distance from the farms the results from each
transect were pooled to obtain 3 replicates from each
farm (Table 4). There was no significant variation
among the sites and average values ranged from
+19.5‰ in Italy to +21.9‰ in Spain. 

Plant properties

The δ34S signal was significantly (p < 0.05) lower in
roots and rhizomes of Posidonia oceanica compared to
leaves (Fig. 2b). Values ranged from +6.1 to +15.3‰

in roots and from +10.8 to +16.5‰
in rhizomes compared to +20.7 to
22.8‰ in leaves. The δ34S of roots
increased with distance from the
farms (p < 0.05 for Spain and Italy).
The rhizomes showed a similar trend
in Italy and Greece, though this is
not statistically significant. Leaf δ34S
was similar at the 3 sites and did not
change with distance from the farms. 

The calculations of Fsulfide showed
that roots and rhizomes had derived
a significantly (p < 0.05) higher pro-
portion of the sulfur from sediment
sulfide (13 to 41% and 9 to 30%,
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Table 3. Sulfate reduction rates (SRR), depth of the H2S front (depth below which
H2S is present), H2S concentrations (conc.), pools of acid volatile sulfur (AVS) and 

chromium reducible sulfur (CRS) ± SE (n = 3) in sediment of the 3 sites

Site Stn SRR Depth H2S H2S conc. AVS CRS
(mmol m–2 d–1) front (cm) (µM) (mol m–2)       (mol m–2)

Spain 1 24.2 ± 4.7 0.3 ± 0.2 19.3 ± 2.3 0.12 ± 0.07 23.95 ± 1.43
2 7.8 ± 0.7 0.2 ± 0.1 10.3 ± 4.1 0.13 ± 0.03 18.27 ± 1.93
3 9.9 ± 1.8 >10.0 9.1 ± 3.9 0.04 ± 0.01 15.61 ± 3.23

Italy 1 38.9 ± 10.8 0.5 ± 0.3 – 0.40 ± 0.09 12.12 ± 0.54
2 42.0 ± 2.7 4.0 ± 1.7 – 0.58 ± 0.42 18.12 ± 3.40
3 19.1 ± 2.5 6.2 ± 0.8 – 0.01 ± 0.00 13.07 ± 0.41

Greece 1 14.5 ± 5.0 1.1 ± 0.6 4.7 ± 0.4 0.07 ± 0.05 0.77 ± 0.01
2 13.9 ± 0.8 5.6 ± 1.5 4.2 ± 2.4 0.04 ± 0.01 1.23 ± 0.08
3 6.4 ± 0.8 6.9 ± 1.9 1.6 ± 1.1 0.04 ± 0.01 3.25 ± 0.28
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respectively) compared to leaves, where none of the
sulfur was derived from sediment sulfide (Fig 2c). The
Fsulfide decreased with distance from the farms in roots
and rhizomes, significant (p < 0.05) between Stns 1 and
3 in Spain (roots), Greece (roots and rhizomes) and
Italy (roots).

TS concentrations in the tissue showed different
patterns of change at the different locations (Table 5).
In Spain TS decreased significantly (p < 0.05) with
distance from the farm in rhizomes and roots, but not
in leaves. The same trend was observed in roots
and rhizomes from Greece and in leaves and roots
from Italy, but changes were less pro-
nounced and not significant. 

The concentrations of S0 were highest
in roots (range: 0.3 to 2.2 µmol gDW–1),
followed by rhizomes (range from
below the detection limit of 0.1 µmol
gDW–1 to 0.3 µmol gDW–1) and leaves
(below detection limit, Table 5). S0 de-
creased significantly in roots with dis-

tance from the farms in Spain and Italy (p < 0.05) and
to some extent in Greece. Elemental sulfur contributed
little (<2%) to the total sulfur concentration in the Posi-
donia oceanica plants. 

The δ34S of S0 extracted from the plant roots from
Italy was markedly lower than δ34S of the total sulfur in
the plants and very close to the δ34S of sediment sulfide
(Table 6). The difference was not tested statistically
due to lack of replicates.

Possible relationships between δ34S, TS and S0 in
Posidonia oceanica were explored by regression analy-
sis (Fig. 3). The δ34S of roots and rhizomes decreased
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Table 4. δ34S of sulfate in seawater and in bulk porewater of sediment ± SE 
(n = 3). Porewater δ34S is average of 3 measurements along the transect 

(1 at each station)

Spain Italy Greece  

δ34S seawater (‰) 21.19 ± 0.05 20.00 ± 0.03 20.97 ± 0.02
δ34S porewater (‰) 21.88 ± 0.17 19.49 ± 0.41 21.2 ± 0.13
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Fig. 2. Isotopic composition of sulfur (sediment and seagrass) and percent sulfide (seagrass) as a function of distance from cage.
(Upper panels) δ34S in sediment acid volatile sulfur (AVS) and chromium reducible sulfur (CRS) pools. δ34S values are not avail-
able for AVS pools at Stn 3 (1000 to 1200 m from cage), due to low amounts of sulfides in samples. (Middle panels) δ34S in leaves,
rhizomes (Rhiz.) and roots of Posidonia oceanica at the 3 fish farm localities. (Lower panels) Fraction of total sulfur in leaves,
rhizomes and roots derived from sediment sulfide (Fsulfide). Note that leaves derived none of their sulfur from sediment sulfide.

Error bars: SE (n = 3)
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with increasing TS concentrations on several farms, but
regressions pooling the data from all sites were not
significant (p > 0.05, data not shown). Analyzing the
farms separately showed a significant relationship in
roots from Greece (R2 = 0.77, p < 0.05, Fig. 3). The δ34S
in leaves remained constant with increasing TS
concentration at all sites. The δ34S showed better
correlations with the S0 concentrations in the plants and
regressions were strongest using the adjusted δ34S
signal, Fsulfide. A significant positive correlation be-
tween Fsulfide and S0 was found in roots (Fig. 4).

Relationships between plant indicators of sulfide
invasion (δ34S and Fsulfide) and environmental variables
(sedimentation of C, sediment POC content, SRR,
depth of sulfide front) were explored to identify possi-
ble drivers of sulfide invasion in seagrasses. Correla-
tions using Fsulfide (Fig. 5) were stronger compared to
those using δ34S (data not shown) for all 4 environmen-
tal variables.
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Table 5. Posidonia oceanica. Total sulfur (TS) and S0 concentrations ± SE (n = 3) in leaves, rhizomes and roots at the 3 sites. 
Concentrations of S0 were below detection limit (bd) (<0.1 µmol gDW–1) in leaves

Site Stn TS (µmol g DW–1) S0 (µmol g DW–1)
Leaf Rhizome Root Leaf Rhizome Root

Spain 1 367.0 ± 1.0 226.7 ± 24.5 246.4 ± 12.6 bd 0.17 ± 0.09 2.17 ± 0.67
2 376.4 ± 6.8 204.8 ± 21.6 214.2 ± 5.5 bd 0.20 ± 0.19 1.81 ± 0.33
3 346.2 ± 47.7 187.1 ± 31.2 176.8 ± 12.0 bd bd 0.86 ± 0.14

Italy 1 201.7 ± 6.3 184.0 ± 18.1 206.6 ± 18.5 bd 0.11 ± 0.07 2.20 ± 0.66
2 187.1 ± 6.5 161.2 ± 20.9 150.8 ± 4.5 bd 0.33 ± 0.21 1.21 ± 0.32
3 150.8 ± 5.5 166.4 ± 21.5 206.9 ± 15.0 bd bd 0.34 ± 0.06

Greece 1 252.7 ± 9.4 221.5 ± 21.9 260.8 ± 46.1 bd bd 0.87 ± 0.08
2 280.7 ± 6.5 231.2 ± 37.3 218.3 ± 29.5 bd bd 0.49 ± 0.19
3 261.5 ± 22.3 170.5 ± 15.1 248.9 ± 17.6 bd 0.14 ± 0.09 0.43 ± 0.25

Table 6. Posidonia oceanica. δ34S of S0 and total plant sulfur
(TS) sampled in Italy. Due to high amounts of plant material
required for analysis, reported values are based on single
measurements and data are pooled samples from Stns 1 and 2

Tissue Site δ34S–S0 (‰) δ34S–TS (‰)

Root Italy –13.4 9.0
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as a function of total sulfur concentration. The relationship

was only significant for roots from Greece
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DISCUSSION

δδ34S of Posidonia oceanica

The δ34S of Posidonia oceanica was of similar range
at the 3 study sites, and there was always a clear differ-
entiation in δ34S between tissues. Leaf δ34S was close
to δ34S of seawater sulfate, whereas δ34S of roots and
rhizomes was significantly lower and closer to δ34S of
the sediment sulfides. The decrease in the δ34S signal
from the leaves to the roots indicates that sulfide
entered the plant via the roots and moved from here to
the other tissues, probably by gas phase diffusion in
the lacunae, as demonstrated for Zostera marina and
Thalassia testudinum (Pedersen et al. 2004, Borum et
al. 2006). 

Very little is known about the fate of sulfide when
inside the seagrasses. The inverse relationship be-
tween the δ34S and TS concentrations of roots and rhi-
zomes in Spain and Greece suggested that the sulfide
or derivatives from sulfide accumulated in the plants.
The same relationship has been found in leaves, roots
and rhizomes of Zostera marina (Frederiksen et al.
2006) and is likely to be a common phenomenon in
seagrasses (Frederiksen 2005). Sulfide may undergo
various transformations inside the plant, and the sig-
nificant relationship between Fsulfide and S0 concentra-
tions in the roots at the 3 farms suggests that sulfide is

oxidized to S0 (Fig. 4). This is supported by the fact
that the δ34S of S0 extracted from the roots was very
negative and close to the δ34S of sediment sulfide
(Table 6), which has also been demonstrated for Posi-
donia ocenica and for Z. marina in experimental stud-
ies (Frederiksen 2005). The oxidation process is most
likely to occur in the plant lacunae, where gaseous
oxygen is transported from the leaves to the below
ground organs. The S0 concentrations in P. oceanica,
however, constituted <2% of the TS pool, whereas
calculations of Fsulfide showed that 9 to 30% and 13 to
41% of the TS in rhizomes and roots, respectively,
originated from sulfide. S0 therefore could not account
for all sulfide-derived sulfur in the plants. This could
either be attributed to a low efficiency of the S0 extrac-
tion method or that the sulfide was oxidized to other
compounds such as sulfate, which is an important
storage compound for excess sulfur in higher plants
(Rennenberg 1984). Furthermore, sulfide could poten-
tially be incorporated into various organic compounds,
such as sulfur-containing amino acids and coenzymes.
(Rennenberg 1984); however, to our knowledge this
has not been demonstrated in seagrasses and requires
further study. 

Interestingly, the δ34S of leaves, in contrast to roots
and rhizomes, was remarkably close to δ34S of sea-
water sulfate (ca. 20‰) and showed no change with
increasing TS concentrations and no accumulation
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of S0. This suggests that leaves of Posidonia oceanica
were not affected by sulfide, which is in contrast to
Zostera marina, where δ34S in leaves can be as
low as –11‰ (Frederiksen et al. 2006). We speculate
that the reason for this difference may be related to
morphological differences between the species. P.
oceanica has both vertical and horizontal rhizomes,
which is not the case for Z. marina, and this in-
creases the diffusion distance from roots to rhizomes.
Furthermore, variation in the development of lacunal
tissue among species may influence the diffusion of
sulfide between the plant organs. Microscopical
inspections of rhizome transverse sections by Fred-
eriksen (2005) showed indications of less lacunal
tissue in P. ocenica compared to Z. marina, but the
study did not allow for direct quantification of the
lacunal extent. 

Effects of fish farming activities on sulfide invasion
in Posidonia oceanica

Fish farming activities at the 3 sites affected the
sedimentation of organic material in the sediment, as
reported in Holmer et al. (2007). They found, by
including more stations along and perpendicular to the
main transects, an exponential decrease in sedimenta-
tion with distance from the farms. The sedimentation
of POC was 3 to 5× higher and bulk sedimentation
1.3 to 2.9× higher at Stn 1 compared to the control
stations, whereas sedimentation at control stations was
generally in the same range as in other Posidonia
oceanica beds in these regions of the Mediterranean
(Holmer et al. 2007), suggesting that they were little
influenced by farming activities. Accordingly, the
stable isotope signal (δ13C and δ15N) of trap material
was generally close to the values of feed pellets near
the farm and different from control stations (Holmer
et al. 2007). We cannot exclude that other organic
pollution sources contributed to the sedimentation
of organic matter along transects, as villages were
present within a few kilometers from the farms, and
the control stations therefore may not represent true
pristine conditions. However, the observed sedimen-
tation patterns at the farms strongly suggest that
the fish farms were the main contributors of organic
material to the sediment. 

Sedimentation patterns varied among the 3 farms,
with the highest sedimentation rates in Spain and the
lowest rates in Greece. This difference is due to a
combination of factors, such as the hydrodynamic
regime, the water depth, food consumption, food
conversion ratio and presence of wild fish (Sara et al.
2004), which all varied among the farms (Holmer et al.
2007). The direct quantification of organic matter

deposition at the sediment surface by benthic sediment
traps integrates these factors and thus provided the
required information for evaluating benthic impacts of
the farms. The sedimentation of fish farm effluents
increased the organic matter content of the sediment,
which stimulated benthic mineralization processes;
this is indicated by the increase in SSR and sulfide con-
centrations and the decrease in the depth sulfide front
at Stns 1 and 2 compared to control sites. These pro-
cesses consume oxygen and produce sulfide, which
are controlling factors of sulfide invasion in seagrasses
(Pedersen et al. 2004), and the potential for sulfide
invasion therefore increased near the farms.

The seagrass δ34S generally increased and Fsulfide, TS
and S0 concentrations decreased in roots and rhizomes
of Posidonia oceanica with distance from the farms in
Italy and Spain, and to a lesser extent in Greece,
indicating that sulfide invasion was indeed higher
in seagrasses close to the farms compared to control
sites. The positive relationships between Fsulfide and
the sedimentation of organic carbon, sediment POC
content, the depth of the sulfide front and the sediment
SSR support this. The correlations, however, were only
significant between Fsulfide and the depth of the sulfide
front (Fig. 5), but the results strongly suggest that the
sedimentation of organic carbon and its derived effects
on sediment biogeochemical conditions were impor-
tant factors controlling sulfide invasion at the study
sites.

Sulfide invasion in Posidonia oceanica varied at the
3 farms and was highest at farms with the highest
sedimentation rates and sediment content of POC
(Spain and Italy). Sediment biogeochemical condi-
tions thus seemed an important explanatory factor for
the observed variation in sulfide invasion between
the 3 study sites. However, other factors with impor-
tant influence on sulfide invasion also varied among
the farms. The water depth ranged from 16 m in
Greece to 28 m in Spain and light climates were
therefore different. Light affects the internal oxygen
status of the plants by controlling leaf photosynthe-
sis, which in turn influences the plants ability to
transport oxygen to below ground organs and main-
tain the oxidized sphere around the roots protecting
the plant against sulfide invasion (Frederiksen &
Glud 2006). The exponential decrease in light with
depth means that seagrasses at the shallow farm in
Greece had better possibilities to avoid sulfide inva-
sion compared to seagrasses at the farms in Italy and
Spain, and sulfide invasion was indeed less in
Greece. Interestingly, light attenuation coefficients
did not change with distance from the farms (M.
Tsapakis pers. comm.), suggesting that the fish farm
effluents did not influence light penetration in the
water column along the transects. Light therefore
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cannot explain the observed changes in sulfide inva-
sion with distance from the farms.

The shoot density increased and plant mortality
decreased with distance from all 3 farms (E. Diaz-
Almela et al. unpubl.) indicating that Posidonia
oceanica survival was affected by the farming activi-
ties. Linear regression analysis relating seagrass mor-
tality to Fsulfide in the roots and rhizomes showed rela-
tively strong negative relationships in Spain and Italy
(Table 7), indicating that plant mortality was related to
increased sulfide invasion. This is consistent with high
sulfide exposure in the sediment at these sites and the
strongest indications of sulfide invasion in the plants
were found here. It has previously been suggested
that the combined effects of plant anoxia and sulfide
invasion may promote seagrass declines in organic
enriched sediments (Carlson et al. 1994, Terrados et al.
1999, Duarte 2002), and the present study shows that
these factors are most likely also to influence declines
of P. oceanica.

In Greece, where sulfide exposure in the sediment
was low and indications of sulfide invasion in the sea-
grasses were weak, mortality also decreased signifi-
cantly with distance from the farm, not due to sulfide
invasion (no significant regression), but probably due
to increased herbivore pressure by grazing of sea
urchins (M. Perez pers. comm.). 

Methodological considerations and constraints of the
study

Variation in δ34S of the sulfur sources in water and
sediments affects the usability of δ34S as a direct
indicator of sulfide invasion in seagrasses, because it
introduces changes in plant δ34S with no relation to
sulfide invasion. To be able to compare plant δ34S
directly at the 3 study sites, the δ34S of the sulfide and
sulfate entering the plants should ideally be constant.
The δ34S of seawater sulfate could be considered

constant across the Mediterranean and was close to
the general mean of +21‰ found in the world’s oceans
(Rees et al. 1978). The data available for porewater
sulfate indicated that the δ34S was close to seawater
sulfate and rather constant. This assumption seems
reasonable, as sulfate concentrations changed very
little with sediment depth (<2 mM, results not shown),
suggesting a high exchange of sulfate across the
sediment/water interface or limited sulfate consump-
tion by the sulfate reducing bacteria. In contrast, the
δ34S of sediment sulfides was more variable, especially
in Spain, where δ34S of the AVS pool was more positive
compared to the other sites and increased moderately
towards the farm. This variation may have affected
δ34S of the seagrasses and, in order to adjust for
the variation, the Fsulfide was derived using δ34S from
seawater sulfate and δ34SAVS in the sediment, under
the assumption that these values represented the
δ34S of sulfur sources (sulfate and porewater sulfide)
entering the plants (Frederiksen et al. 2006).

The observed changes in Fsulfide, δ34S, TS and S0 do
not necessarily reflect an invasion of sulfide, but could
be an artifact of precipitation of sulfide and oxidized
sulfur compounds on the outer surfaces of the plant
(Fry et al. 1982). The plants were, however, thor-
oughly rinsed before analysis, and a test of the wash-
ing procedure on Zostera marina showed no signifi-
cant precipitation on the outer surfaces, and the
washing procedure removed the precipitates (Holmer
et al. 2005, Frederiksen et al. 2006). The longer life
span of Posidonia oceanica, however, allows more
time for precipitates to accumulate, but the fact that
changes also occurred in the rhizomes, where the leaf
scales were peeled off and very little surface tissue
remained, strongly suggests that changes were attrib-
uted to processes in the interior parts of the plants.
Furthermore, the plants growing closest to the farms
had increased amounts of free amino acids and
reduced amounts of non-structural carbohydrates in
the roots and rhizomes (Pérez et al. 2007), which are
strong indicators of plant anaerobic metabolism (Preg-
nall et al. 1984, Smith et al. 1988). The roots were
therefore at times anoxic, and conditions for sulfide
invasion were present (Pedersen et al. 2004). It has
also been argued that changes in δ34S could result
from the uptake of sulfate with low δ34S derived from
the oxidation of sulfides in the rhizosphere (Trust &
Fry 1992). This is not supported in the present study,
as δ34S of sulfate in the porewater was greater than
+21‰, and the more or less constant sulfate concen-
trations measured in the rhizosphere sediment indi-
cated that the sulfate pool was constantly renewed by
exchange via the sediment water interface counter-
acting differences in δ34S of sulfate in the sediment
and the overlying water.
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Table 7. Summary of linear regression statistics between
Fsulfide in rhizomes and roots (explanantory) and plant
mortality (yr–1, dependent factor). For the regressions, repli-
cate values of mortality at each station along the transect
were plotted against an average value of Fsulfide resulting in a

total n = 9

Site Tissue R2 p

Spain Rhizome 0.43 0.05
Root 0.48 0.04

Italy Rhizome 0.31 0.12
Root 0.57 0.02

Greece Rhizome 0.01 0.79
Root 0.02 0.62
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CONCLUSIONS

The composition of stable sulfur isotopes in plant
tissues combined with information on S0 and TS
concentrations were consistent indicators of sulfide
invasion in Posidonia oceanica and the most significant
changes occurred in roots. There was generally a
strong correlation between δ34S and the concentrations
of S0 and to a lesser extent with TS in the plants. The
usability of the δ34S signal in plants as an indication of
sulfide invasion is reduced if δ34S of the sulfur sources
vary as observed in Spain. To be able to successfully
interpret results and make direct comparisons be-
tween sites therefore requires adjustments for the vari-
ation in δ34S of the sulfur sources. This can be done by
calculating Fsulfide as a supplement to plant δ34S. Fish
farming activities affect sulfide invasion in P. oceanica,
but the extent varies significantly among farms. Impor-
tant controlling factors are the sedimentation rate of
organic material and sediment biogeochemical condi-
tions. Plant mortality was highest at study sites with
strong indications of sulfide invasion.
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