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INTRODUCTION

Seagrass meadows are an important component of
many temperate coastal zones. They are productive
ecosystems (Duarte & Chiscano 1999) and, as grazing
by herbivores is generally low, much of this production
will eventually enter the detritus food chain (Mann
1988, and references therein). Bacterial activities are
high in the sediments of seagrass beds, which is gener-

ally thought to be the result of seagrass detritus inputs
(Pollard & Moriarty 1991, Holmer & Nielsen 1997). In
addition, living seagrass roots may excrete organic
compounds that stimulate bacterial mineralization pro-
cesses in the rhizosphere (Wetzel & Penhale 1979,
Moriarty et al. 1986). Reduction of water-flow rates
enhances sedimentation and decrease sediment ero-
sion in seagrass beds (Gambi et al. 1990, Worcester
1995), which will also stimulate sedimentary carbon
cycling by increasing organic matter inputs. As a
result, bacterial activities are generally higher in vege-
tated sediments than in nearby unvegetated sites (Pol-
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lard & Moriarty 1991, Isaksen & Finster 1996) and are
positively related to plant shoot densities (Holmer &
Nielsen 1997) and productivity (López et al. 1995).
Also, diurnal variation in bacterial activities has been
found in seagrass sediments, with higher activities
during the daytime and lower activities during the
night (Oremland & Taylor 1977, Moriarty & Pollard
1982, Welsh et al. 1997, Blaabjerg et al. 1998). These
data indicate that a fast and close coupling may exist
between seagrasses and bacteria, and therefore sug-
gest that seagrass material is an important carbon
source for bacterial growth in the rhizosphere of sea-
grasses.

Stable carbon-isotope compositions are widely used
to study the sources of organic carbon in ecosystems
and their use in the food web (Fry & Sherr 1984). Sea-
grasses show a rather broad range in stable carbon-
isotope ratios between –23 and –3‰ (δ13C-notation);
however most ratios vary around –10‰ (McMillan et
al. 1980, Hemminga & Mateo 1996). These relatively
positive δ13C ratios compared to other potential source
materials make it possible to trace seagrass material
in ecosystems (e.g. Thayer et al. 1978). We recently
developed a method to study carbon sources used by
bacteria that is based on the analysis of isotopic ratios
of bacterial biomarkers (Boschker et al. 1999). The spe-
cific bacterial biomarkers used in this method are
branched polar lipid-derived fatty acids (PLFA), mainly
i15:0 and a15:0. PLFA are widely used to study micro-
bial biomass and community structure in sediments
(Parkes 1987, Tunlid & White 1992). Stable isotope
ratios of individual PLFA can be determined by gas
chromatography coupled to isotope-ratio mass spec-
trometry (Hayes et al. 1990, Boschker et al. 1999). If
seagrass material is an important carbon source for
bacterial processes in sediment, the isotopic composi-
tion of the bacterial PLFA should reflect the seagrass
δ13C ratios (Boschker et al. 1999).

We have studied stable carbon-isotope ratios of car-
bon used by bacteria in the sediments of several north-
west European Zostera spp. beds, to determine if sea-
grass material was indeed the dominant carbon source.
Beds with the 2 dominant northwest European species,
Z. marina and Z. noltii, were sampled. In an additional
study, we performed a labeling experiment in which
cultured Z. marina was incubated with 13C-bicarbon-
ate and short-term label transfer between plants and
bacterial biomarkers in the sediment was determined.

MATERIAL AND METHODS

Field sites and sampling. Four Zostera marina mead-
ows were sampled in different parts of northwestern
Europe (see Table 1 for additional information): peren-

nial seagrass meadows with an organic-poor (D1) and
organic-rich sediment (D2) at micro-tidal Slipshavn,
Nyborg Fjord, Danish Baltic, in July 1998; an annual
stand in a large creek (N1) at the macro-tidal Sint
Annaland salt marsh, Eastern Scheld, The Nether-
lands, in August 1998; and a macro-tidal, perennial
meadow (F1) near the harbor of Arcachon, Arcachon
Bay, France, in July 1998 (Castel et al. 1996). In addi-
tion, 2 large Z. noltii vegetations were sampled in
Arcachon Bay at sites with organic-poor (FA) and
organic-rich sediments (FB). This selection of seagrass
meadows represents a wide range of typical systems, a
range of sediment types, and the 2 main seagrass spe-
cies in northwestern Europe. 

Triplicate sediment cores were taken from both veg-
etated sites and nearby unvegetated sites. The top
5 cm of the sediment containing most of the Zostera
spp. roots was mixed and used for PLFA and organic
matter analyses. All sediments were anoxic below the
first few millimeters. Samples of shoots and roots from
Zostera spp. and of benthic macro-algae were also col-
lected. Sediment and plant material were frozen on the
day of sampling and subsequently freeze-dried. Cores
for sulfate-reduction rate measurements were also
taken at the sites in Denmark and The Netherlands.
Silt content (<63 µm) of the sediments was measured
with a Malvern Particle Sizer 3600 E.

Labeling experiment. To study the short-term trans-
fer of organic matter between plants and bacteria,
Zostera marina was grown in a mesocosm and labeled
with 13C-bicarbonate, after which the label distribution
in plants, sediment and bacterial biomarkers was mea-
sured. Square plastic containers (9.5 × 9.5 × 11 cm [l ×
w × h]) were filled with sieved (1 mm) and washed
fine-grained sand and silt collected at the Zandkreek,
Eastern Scheld, southwestern part of The Netherlands.
Containers were planted with shoots of Z. marina col-
lected at the same site. Containers were placed in an
aquarium filled with diluted seawater (salinity 23‰),
which was replaced every week. Plants were grown
for 5 mo at 18°C and 200 µE m–2 s–1 until they reached
an above- and belowground biomass of 85 ± 31 and
43 ± 27 g dry wt m–2, respectively, and a shoot density
of 1660 ± 440 m–2. These biomass and shoot-density
data are at the high end of the range as found for
Z. marina meadows in the southwestern part of The
Netherlands (van Lent & Verschuure 1994). 

For the labeling experiment, individual containers
were placed in transparent plastic bags filled with 4 l
diluted seawater. Label (2 ml, 0.8 M Na2H13CO3 [99%
13C, ISOTEC]) was added, which resulted in a 16% 13C
labeling of the bicarbonate pool. After 4 h, the labeled
water was removed and containers were placed in
unlabeled seawater for 16 h to allow label to distribute
in the plants. To avoid labeling of benthic micro-algae,
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the top half-centimeter of the sediment was replaced
with washed sediment 1 wk before the start of the
labeling. In addition, the sediment was covered with
an approximately 0.5 cm thick layer of black agar (3%
agar [Difco] and 2.5% carbon powder [Merck] in
diluted seawater [salinity 23‰]) shortly before the
experiment. This completely blocked light from reach-
ing the sediment surface and the benthic micro-algae.
Unlabeled containers with and without vegetation, and
labeled dark control incubations with Zostera marina
were also studied.

After the 20 h incubation, shoots were removed and
3 small sediment cores (i.d. 1.75 cm) were taken and
pooled for PLFA and sediment analyses. The remain-
ing sediment was sieved (0.47 mm) and roots and rhi-
zomes were collected. Plant material and sediments
were freeze-dried and ground to a fine powder before
analysis.

Characterization of plant and sediment organic
matter. Carbon and nitrogen contents of plants and
sediments were determined using a Carlo-Erba NA
1500 CN analyzer following an in situ HCl acidification
procedure (Nieuwenhuize et al. 1994). Carbon iso-
topes were measured on a Fisons NA1500 elemental
analyzer coupled on-line (via a continuous flow inter-
face) to a Finnigan Delta S isotope-ratio mass spec-
trometer. All stable carbon-isotope data are reported in
the δ notation relative to Vienna-PDB.

PLFA extraction and analysis. Lipids were extracted
with a modified Bligh and Dyer extraction using 50 ml
screw-cap centrifuge tubes (Findlay et al. 1989). The
total lipid extract was fractionated on silicic acid
(Merck) into different polarity classes by sequential
eluting with chloroform, acetone and methanol. PLFA
in the methanol fraction were derivatized using mild
alkaline methanolysis to yield fatty acid methyl esters
(FAME) (Guckert et al. 1985). Concentrations of FAME
were determined by gas chromatography-flame ion-
ization detection. Isotopic composition of individual
FAME was determined with a Varian 3400 gas chro-
matograph equipped with a Varian SPI injector, which
was coupled via a Type II combustion interface to
a Finnigan Delta S isotope-ratio mass spectrometer.
A detailed description of the methods is given in
Boschker et al. (1999).

Stable isotopic composition of bacteria was calcu-
lated from the isotope data of bacterial FAME in sev-
eral steps. Carbon-isotope ratios of FAME were cor-
rected for the 1 carbon atom in the methyl group added
during derivatisation to obtain the actual PLFA ratio
(Rieley 1994, Boschker et al. 1999). The dominant bac-
terial markers (i15:0 and a15:0) were not separated
under the chromatographic conditions used (about
10% peak overlap) and results of these PLFA were
therefore combined by using an isotope balance
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(Boschker et al. 1999). As shown by Boschker et al.
(1999), the bacterial PLFA i+a15:0 are depleted in 13C
by –5.6 ± 1.8‰ compared to the bacterial substrate.
The isotopic composition of the bacteria biomass was
therefore calculated from the PLFA ratio as: δ13Cbact =
δ13Ci+a15:0 + 5.6 (‰).

Sulfate reduction rates. Sulfate reduction rates
(SRR) were measured by the core-injection technique
using 35S-SO4

2– (Jørgensen 1978). Sediments were
incubated for 4 h at in situ temperature and fixed with
10% ZnSO4 (sediment:ZnSO4 volume ratio = 2:1).
Reduced sulfur compounds were distilled from the
sediment according to the single-step procedure de-
scribed by Fossing & Jørgensen (1989). Sulfate concen-
trations in the porewater samples were analyzed by
ion-chromatography with a Dionex auto-suppressed
anion system (IonPac AS11 column with ASRS sup-
pressor). 

Statistics. The Student’s t-test was used throughout
the study to test for differences (p = 0.95).

RESULTS

Field study

Stable isotope ratios of Zostera spp. ranged from
–7 to –15‰, with no consistent differences between
shoot and root/rhizome material (Figs. 1 & 2). If pre-
sent, benthic macro-algae (–13 to –18‰) were
somewhat depleted in 13C compared to seagrass
material. Sediment organic carbon (OC) was
clearly depleted in 13C compared to seagrasses
and macro-algae at all sites, and ranged be-
tween –16 and –25‰. At the Z. noltii Site FA,
vegetated sediment had a somewhat enriched
isotope signal compared to the unvegetated sed-
iment, and was therefore shifted in the direction
of seagrass material. All other sites, however,
showed no significant effect of vegetation on
sediment isotope ratios. 

At the Zostera marina sites, bacterial isotope
ratios, derived from the specific bacterial PLFA
i+a15:0, fell in all cases between the seagrass
and sediment ratios (Fig. 1). For most sites, bac-
terial ratios from vegetated and unvegetated
sites were not significantly different, suggesting
that bacteria grew on a similar source of OC. At
Site N1 only, bacteria from vegetated sediment
were enriched in 13C compared to the unvege-
tated sediment and were therefore shifted in the
direction of the seagrass material. For both Z.
marina and Z. noltii sites, bacterial isotope
ratios in the sediment were in the range found
for benthic macro-algae. Furthermore, 13C val-

ues for bacterial PLFA (i+a15:0) were highly correlated
to the 20:5ω3 PLFA (Fig. 3), which is a major compo-
nent of micro-algae such as benthic diatoms (Ratledge
& Wilkinson 1989). Two samples from the unvegetated
sediment at Site FA did not follow the relation between
bacterial and algal PLFA, and were treated as outliers
although we do not know why they behaved differ-
ently. The points with the most depleted isotope ratios
(Fig. 3) are from the Dutch site (N1). As described
above, bacterial isotope ratios from the vegetated Site
N1 were somewhat enriched compared to the unvege-
tated control site, which could indicate a limited use of
Zostera spp. material (see also Fig. 1).

Isotopic compositions at the Zostera noltii sites were
unfortunately less revealing than at the Z. marina sites
for various reasons (Fig. 2). At Site FB, there was no
large difference between 13C ratios of seagrasses and
benthic macro-algae, which made it difficult to distin-
guish these 2 potentially important sources for bacter-
ial growth. At Site FA, a comparison between the veg-
etated and unvegetated sediments was difficult as the
bacterial ratios were highly variable for the unvege-
tated sediment, with 2 samples at about –19‰ (the 2
outliers in Fig. 2) and 1 at –12‰. 

Sediment characteristics and microbial parameters
at the different sites are presented in Table 1. The OC
content of the Zostera marina sediments was up to 2
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Fig. 1. Results of field study on carbon sources used by bacteria in
Zostera marina seagrass meadows in northwestern Europe. Shown
are stable carbon isotope ratios of plants, benthic macro-algae, sedi-
ment organic matter and bacteria for both vegetated (veg.) and
nearby unvegetated (unveg.) sites. At Site N1, macro-algae (Ulva spp;
Enteromorpha spp. and an unidentified filamentous green algae)
showed similar isotopic ratios. At Site F1, macro-algae Monostroma
spp. were clearly enriched in 13C compared to an unidentified fila-

mentous red algae
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times higher than the unvegetated control sediments,
with the exception of the Danish site with the high
organic matter content (D2), where contents were sim-
ilar. The Z. noltii sites showed no significant differ-
ences in sediment organic matter content. C:N ratios
were low, ranging from 7 to 11 for the Z. marina sites

and around 13 for the Z. noltii sediments. Vegetated
and unvegetated locations showed no significant dif-
ference in C:N ratios, with the exception of Site D1,
where the C:N ratio was higher at the vegetated site.
SRR were about 2 times higher for the vegetated sedi-
ments. Total PLFA concentrations, indicating total bio-
mass, were mostly substantially higher at the vege-
tated sites, with the exception of the sediments at Sites
D2 and FB, which also had the highest PLFA concen-
trations.

Labeling experiment

After incubation in the light with 13C-bicarbonate,
both Zostera marina shoots and roots/rhizomes were
highly labeled (Table 2). Plants incubated in the dark
incorporated only small amounts of label. A small
increase in the δ13C ratio was found in the sediment
organic matter of the light incubations, which may
have been caused by the presence of highly labeled
root material in the samples or by exudation by roots
(Table 2). PLFA that are also found in Zostera spp.
(16:0, 18:0, 18:1, 18:2 and 18:3; Canuel et al. 1997)
were labeled after incubation with 13C-bicarbonate
(data not shown), which is most likely the direct result
of the highly labeled root material in the samples.
However, no label was detected in bacteria based
on the bacterial marker PLFA i+a15:0 (Table 2). This
showed that there was no short-term transfer between
plants and bacteria. Other bacterial PLFA (i14:0 and
i16:0) and compounds generally not found in macro-
phytes (15:0, 16:1 and 17:0) also gained no significant
amounts of label (data not shown). 

Stable isotope ratios in control incubations to which
no label was added showed similar trends to the field
study. Bacterial ratios were also clearly depleted com-
pared to plants, and were not affected by the presence
of plants (Table 2). Sediment OC in incubations with
and without plants had similar 13C ratios and was
depleted by about 10‰ compared to Zostera marina
(Table 2). 

DISCUSSION

The results of both the field study and labeling
experiment with Zostera marina suggest that coupling
between seagrass productivity and bacterial growth
was of limited importance. Natural isotope ratios of
bacteria were not similar to seagrass material, but fell
between those of Z. marina plants and sediment
organic matter, which may suggest that bacteria were
using a mixture of these 2 materials. However, bacter-
ial isotope data from the vegetated and nearby unveg-
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Fig. 2. Results of field study on carbon sources used by bacte-
ria in Zostera noltii seagrass meadows in Bay of Arcachon,
France. Shown are stable carbon isotope ratios of plants, ben-
thic macro-algae Monostroma spp., sediment organic matter
and bacteria for both vegetated and nearby unvegetated sites

Fig. 3. Relationship between stable carbon-isotope ratios of
bacterial (i+a15:0) and dominant algal (20:5ω3) polar lipid-
derived fatty acids in the sediment of all (Zostera spp.-vege-
tated and unvegetated) sites. Two outliers from unvegetated
Site FA are labeled ‘out’. Data are significantly correlated 

when the 2 outliers are excluded (r2 = 0.67, n = 34)



Mar Ecol Prog Ser 203: 181–189, 2000

etated sites and incubations were mostly very similar,
which indicates that the source of the bacterial sub-
strate was not affected by the presence of seagrasses.
Only at the Dutch Z. marina site (N1) did bacteria show
a more enriched signal, which may suggest a contribu-
tion by seagrass material. A likely candidate for the
main bacterial substrate was material derived from
benthic algae, as isotopic ratios of benthic macro-algae
fell in the same range as the bacteria for the field study
(Fig. 1) and isotope ratios of benthic micro-algae and
bacterial biomarkers were highly correlated (Fig. 3).
Material derived from seagrass epiphytes may also
have contributed to the bacterial substrate, although
no samples were taken. A vastly lower growth effi-
ciency for bacteria growing on seagrass material com-
pared to algal material is not a likely explanation for
our results, as del Giorgio & Cole (1998) reported a
similar range of growth efficiencies for macrophyte
and algal material and Coffin et al. (1997) showed that
sedimentary bacterial δ13C ratios respond within a day
to the addition of seagrass material. Results of the Z.
noltii field study were less revealing, as stable isotope
ratios of primary producers were similar or bacterial
isotope data were highly variable (Fig. 2).

Microbial biomass and activities in the sediments of
seagrass beds are in many cases higher than at nearby
unvegetated sites (Pollard & Moriarty 1991, López et
al. 1995, Isaksen & Finster 1996, Holmer & Nielsen
1997, this study). Our results, however, suggest that
this stimulation was not due to the input of seagrass
material into the sediment and the use of this material
by bacteria. Alternatively, seagrasses can also indi-
rectly influence carbon cycling in the sediment by
decreasing water flows over the sediment (Gambi et al.
1990, Worcester 1995). This canopy friction enhances
sedimentation and reduces resuspension of the sedi-
ment, and will thereby increase the availability of OC
to the bacterial community in the sediment. In addi-
tion, conditions inside seagrass beds may be more
favorable for benthic algae due to the reduced losses
by resuspension. These secondary effects of sea-
grasses on carbon cycling therefore most probably
dominated in the Zostera marina sediments studied.

The isotopic composition of the sedi-
ment organic matter at the field sites
showed that Zostera marina-derived
material did not accumulate in the sedi-
ment to any major extent, although or-
ganic matter concentrations were mostly
higher for vegetated sites. This discrep-
ancy between δ13C ratios of seagrasses
and sediment organic matter has been
found in many other studies (Simenstad &
Wissmar 1985, Cooper 1989,  Dauby 1989,
Hemminga et al. 1994, Fourqurean et al.

1997). Sediment ratios were around –20‰, which is
typical for phytoplankton or suspended OC in the stud-
ied systems (e.g. Salomons & Mook 1981, Richard et al.
1997, Voss & Struck 1997). The low C:N ratios of the
sediment organic matter (Table 1) also point towards a
predominant algal source.

In agreement with the field study, a close coupling
between plants and rhizosphere bacteria was also not
detected in the labeling experiment, as we did not find
any short-term transfer between Zostera marina and
bacterial biomarkers. It may be argued that the incu-
bation time of 20 h used in this experiment was too
short for the label to be transported from the shoots to
the bacteria in the sediment. However, roots (Table 2)
and root-derived PLFA were highly labeled in our
experiment. Furthermore, several studies have shown
that microbial activities such as bacterial secondary
productivity (Moriarty & Pollard 1982), sulfate reduc-
tion rates (Pollard & Moriarty 1991, Blaabjerg et al.
1998), and nitrogen fixation (Welsh et al. 1997) are sig-
nificantly higher during the day than during the night,
which is mostly explained by assuming that bacterial
processes in the seagrass rhizosphere depend to some
extent on a fast transport of recently fixed OC. More-
over, in a tropical seagrass meadow, 11% of the 14C
label fixed by the seagrasses was detected in the sedi-
ment and used by bacteria after only 6 h of incubation
(Moriarty et al. 1986), suggesting that in some cases
label transfer is fast, possibly in the form of readily
available root exudates. Based on these literature data,
a substantial labeling of the rhizosphere bacteria was
anticipated during our short labeling experiment
which was, however, not detected. Furthermore, in
another labeling study, Middelburg et al. (2000)
showed that coupling between benthic micro-algae
and bacteria is fast, with detectable transfer of label
within 4 h and maximum labeling of the bacteria after
1 to 2 d. 

It is, however, possible that some of the observations
in the literature on day-night shifts in bacterial activi-
ties also result from secondary effects. For instance, the
higher bacterial productivity in the light (Moriarty &
Pollard 1982) could be caused by a shift to more oxic

186

Treatment δ13C (‰) average ± SD
Shoot Root/rhizome Sediment Bacteria

No plant – – –20.9 ± 0.7* –17.7 ± 0.2
Start 0–8.9 ± 0.3*0 –10.2 ± 0.5* –20.4 ± 0.3* –17.7 ± 0.4
End, dark 0–7.0 ± 0.2*0 1–9.0 ± 0.1* –20.8 ± 0.2* –17.5 ± 0.4
End, light –476 ± 53*. .–131 ± 71*. –17.8 ± 0.5* –17.6 ± 0.4

Table 2. Zostera marina. Results of labeling experiment. Bacteria data based
on stable isotope ratios of the i+a15:0 bacterial PLFA. *Significantly different

from start containers (Student’s t-test, p = 0.95)
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types of bacterial respiration because of oxygen leak-
age from the seagrass roots. Oxygen is mainly released
from the seagrass roots during the day when plants are
photosynthesizing (Smith et al. 1984, Caffrey & Kemp
1991), or oxygen release is much lower during the
night than during the day (Pedersen et al. 1998). Aero-
bic bacteria mostly have higher growth yields than
anaerobic bacteria, and furthermore are more widely
able to incorporate the thymidine label (Gilmour et al.
1990, Wellsbury et al. 1994) that was used in this study
(Moriarty & Pollard 1982). The diurnal variation in sul-
fate reduction rates (Pollard & Moriarty 1991, Blaab-
jerg et al. 1998) and in the nitrogen fixation by sulfate
reducers (Welsh et al. 1997) is more difficult to explain
as secondary effects caused by root oxygen release, as
this probably would have had the opposite effect by
decreasing sulfate reduction rates during the day. The
short-term transfer of 14C label may have been overes-
timated by Moriarty et al. (1986), as it can be difficult to
physically separate the highly labeled plant material
completely from the sediment matrix (Swinnen et al.
1994). Another possible explanation for their fast trans-
fer is that benthic micro-algae were present on the
sediment and that incorporation of label by these pho-
totrophic organisms was mistaken for uptake by bacte-
ria. Benthic micro-algae are a common component of
seagrass beds (e.g. Murray & Wetzel 1987, Moncreiff
et al. 1992, this study). Our technique is, however,
based on the use of specific bacterial biomarkers,
which makes the absolute separation of plant, micro-
algal and bacterial material possible. 

It is also possible that the relatively minor impor-
tance of seagrass material for bacterial growth in our
study was a result of site selection. In a recent study on
salt-marsh sediments, Boschker et al. (1999), using the
same technique, showed that the contribution of local
plant material to bacterial growth is highly variable
between sites. The main factor influencing this contri-
bution is the input of other materials to the sediment by
sedimentation relative to local plant inputs. The input
of macrophyte material into the sediment also varied
between salt-marsh plant species. Despite the range of
systems studied, little of the variation found for salt
marshes was detected in the present study on typical
northwest European Zostera marina meadows. As sea-
grasses show a considerable variation in growth strat-
egy (den Hartog 1977), it may be expected that plant-
bacteria coupling depends to some extent on the
seagrass species studied (Wetzel & Penhale 1979). In
addition, at oligotrophic sites with very little input of
organic matter from other sources, local seagrass pro-
duction may be relatively more important than at the
sites studied in this paper. Especially tropical seagrass
meadows associated with coral reefs are interesting
objects for a comparative study, since these systems

often have a high standing biomass of different sea-
grass species and their sediments are mostly very poor
in organic matter (e.g. Hemminga et al. 1994, Miya-
jima et al. 1998).

In conclusion, our stable carbon-isotope study sug-
gests that carbon fixed by seagrasses does not enter
the sediment to a major extent in Zostera marina
meadows, as it was neither used by bacteria nor accu-
mulated in the sediment organic matter. Export of
shoot material to elsewhere in the system may explain
some of this limited coupling (Hemminga et al. 1991,
Dauby et al. 1995, Mateo & Romero 1997). However, a
main factor was that other sources of organic matter,
especially benthic production by algae, were relatively
more important for organic matter cycling in the stud-
ied seagrass sediments.
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