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ABSTRACT: Among the ecosystem services provided by the seagrass Posidonia oceanica, its role
as a carbon sink has received growing attention during the last decade. The sequestration and sta-
bilization of carbon in soils are tightly linked to the activity of its microbial community. EcoPlates
(Biolog) comprise a semi-quantitative tool for the assessment of microbial functional activity that
generates profiles of microbial carbon source utilization. In this study, the aerobic and anaerobic
carbon consumption in a healthy P. oceanica meadow was compared throughout depths down to
130 cm. After 11 d, the average well color development, Shannon-Wiener diversity index (H'), and
kinetics of carbon consumption were assessed. Both the aerobic and anaerobic metabolisms
showed carbon consumption at all depths. Color observations indicated that carbohydrates, amino
acids and polymers were mainly consumed, while carboxylic acids, amines and miscellaneous
compounds presented low or no consumption at all. Carbon consumption kinetics were similar for
both metabolisms. The results suggest a pronounced stratification of the microbial community
controlled by oxygen availability. Despite the higher aerobic metabolism in the top 40 cm, the
anaerobic metabolism was dominant, supporting high sequestration of carbon in P. oceanica
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meadows.
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INTRODUCTION

Posidonia oceanica (L.) Delile is an aquatic macro-
phyte, endemic to the Mediterranean Sea, forming
extensive meadows down to 40 m depth (Ballesta et
al. 2000), and covering from 25000 to 50 000 km?
(Pasqualini et al. 1998). The meadows grow in height
by accretion due to the sedimentation of particles,
enhanced by the macrophyte canopy (Gacia &
Duarte 2001, Marba et al. 2006). P. oceanica, like
other seagrasses, increases the carbon content of the
substrate (Mateo & Romero 1997) and its bacterial
diversity (Lopez et al. 1995, Garcia-Martinez et al.
2009). These meadows have been recognized as key
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coastal ecosystems (Campagne et al. 2015), acting as
filters and sinks of natural particles and pollutants
(Richir et al. 2013, Serrano et al. 2013). Their effi-
ciency as filters of pollutants is much higher than for
average macrophytes (Vassallo et al. 2013), and due
to this capacity, P. oceanica is widely used as a
bioindicator (Pergent-Martini et al. 2005) of water
quality (Foden & Brazier 2007, Gobert et al. 2009)
and of human impact in coastal ecosystems (Balata et
al. 2008, Luy et al. 2012, Richir & Gobert 2014).

The different species of the Posidonia genus, dis-
tributed along the Mediterranean and the Australian
coasts, stimulate the deposition of sediments chrono-
logically, forming deep soils (or mats) with a high
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potential to serve as environmental archives of the
Holocene (Ancora et al. 2004, Tranchina et al. 2005,
Lépez-Séez et al. 2009, Tovar-Sénchez et al. 2010,
Serrano et al. 2013, 2016, Lopez-Merino et al. 2015).
The organic matter can be trapped on the soil over
millennia due to the anoxic conditions that prevent
its fast remineralization (Canfield 1994), making the
meadow a significant global carbon sink (Mateo et al.
2006, De Falco et al. 2011).

Microorganisms play a major role in carbon stabi-
lization and degradation, determining how and how
much carbon accumulates. Carbon degradation rates
in marine sediments are usually associated with re-
dox conditions, i.e. the availability of electron accep-
tors coupled with their corresponding microbial
metabolism (Fenchel et al. 1998, Thamdrup et al.
2000, Llobet-Brossa et al. 2002). The microbial de-
composition of organic matter in marine sediments in
aerobic conditions is much faster than in anaerobic
conditions (Kristensen & Holmer 2001), and leads to
a more complete mineralization of a wide range of
carbon sources. Anaerobic microorganisms usually
need a more complex bacterial food web working
stepwise (Fenchel et al. 1998). Furthermore, they are
inefficient in mineralizing structural molecules such
as lignin, which is usually preserved in anoxic envi-
ronments (Kristensen et al. 1995). Bacterial activity in
seagrass meadows has been shown to have a positive
correlation with seagrass production (Danovaro et al.
1994, Lopez et al. 1995, Glazebrook et al. 1996, Smith
et al. 2004) that can shift to a negative correlation
when nutrient availability is low (Danovaro et al.
1994, Lopez et al. 1998, Holmer et al. 2003, Smith et
al. 2004). Another study focusing on the decomposi-
tion of the organic matter in a P. oceanica mat found
overall low remineralization rates and a decrease in
nutrients (i.e. nitrogen) with depth in the mat (Peder-
sen et al. 2011).

Genetic tools allow the study of uncultivated micro-
organisms, but generate a large amount of informa-
tion, which is difficult to process and not necessarily
related with the carbon consumption or the meta-
bolism of the microbial community (Rodriguez-Valera
2004, Serensen et al. 2007). The use of Biolog®
EcoPlates™ is a semi-quantitative method developed
to characterize microbial functional activity by meas-
uring the respiration of different carbon sources di-
vided into 6 guilds: carbohydrates, polymers, car-
boxylic acids, amino acids, amines and miscellaneous
compounds. Respiration of the microbial community
is revealed by the reduction of a tetrazolium dye that
is included with the carbon source. EcoPlates have
been used to characterize microbial activity in Posi-

donia spp. mats, in the water column above them
(Richir et al. 2012) and in the soil (Sawstrom et al.
2016), but only under aerobic conditions. As the mat
is a highly reduced environment, experiments com-
paring both aerobic and anaerobic activity may pro-
vide important information on the role of the 2 meta-
bolisms. EcoPlates have also been used to measure
aerobic activity in rivers, lakes and soils, comparing
differences in potential carbon consumption season-
ally and geographically (Christian & Lind 2007, Lyons
& Dobbs 2012, Pérez Rodriguez & Martinez Cortizas
2014, Freixa et al. 2016). Christian & Lind (2007),
working in a seasonally stratified lake, found a corre-
lation between the consumed carbon sources, sea-
sonal variations and temperature, O, diffusion and
redox potential. The same authors successfully used
EcoPlates to measure anaerobic activity in water
samples, the anaerobic communities also being af-
fected by seasonal variations (Christian & Lind 2006).

In the present study, we used EcoPlates to assess
the patterns of distribution of bacterial activity within
the mat. Although the compounds provided are
generic and not specifically tailored for the micro-
biota inhabiting P. oceanica mats, the diversity of
habitats where EcoPlates have been used should
allow a richer and more direct comparison across
environments. Similarly, as a first step, it seems sen-
sible to use the commercially available substrates
supplied in the EcoPlates for a preliminary explo-
ration of aerobic and anaerobic activity in this new
habitat. To this end, we incubated mat samples,
obtained along a 1.30 m mat core of P. oceanica,
under anaerobic and aerobic conditions (the first
time EcoPlates have been used to measure anaerobic
activity in sediment samples). The implications of
these microbial patterns for carbon degradation and
preservation in the soil are discussed.

MATERIALS AND METHODS
Sampling site and field work

A core of Posidonia oceanica soil was taken in
Portlligat Bay, Girona, Spain (42°17.454'N, 3°17.
513'E). Around 69% of the bay is covered by well
preserved P. oceanica meadows growing in medium
to coarse sand (Lo Iocano et al. 2008). The bay con-
nects to the sea by a 213 m wide opening to the North
East. The core was collected on 29 October, when P.
oceanica meadows have low rates of productivity due
to the loss of leaves (Alcoverro et al. 2001). Water
temperatures were still high at this time of the year,
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and due to the shallow and sheltered nature of the
bay. It is therefore to be expected that the system had
particularly favorable conditions for high rates of
bacterial activity resulting from the combination of
high organic matter input (leaf litter) and high tem-
peratures (Mateo et al. 2006).

Sampling was done by SCUBA diving, by manually
hammering and rotating a PVC corer (160 cm long,
i.d. 7.5 cm) into the soil. A core catcher was fitted at
the bottom of the corer to avoid the loss of material
during the extraction. The corer penetrated 146 cm
into the soil but the length of core retrieved was
91 cm. Assuming the core catcher worked efficiently
and that no material was released during retrieval,
this yields a core compression of 38 %, a normal value
for this coring method (Glew et al. 2001).

The core was sealed with stoppers, taped at both
ends and transported to the laboratory under cold
conditions within 2 h after collection. In the labora-
tory, it was cut longitudinally into 2 halves using a
ceramic knife for the inner core to avoid metal con-
tamination. Both halves (referred to as hemi-cores)
were then sealed and stored at 5°C in darkness for
2 d until processing.

Analysis of microbial functional activity

The bottom 8 cm were discarded, resulting in a
remaining core length of 83 cm. Core-shortening
(compression) was corrected by applying a logarith-
mic function to the length measured in the laboratory
to approximate it to the field length, as described by
Serrano et al. (2012), resulting in a 131 cm soil profile.
The labels of the samples in this study refer to the
decompressed depth.

EcoPlate aerobic incubations

In essence, the protocol performed for aerobic and
anaerobic incubations of the samples is a modifica-
tion of the method applied by Pérez-Rodriguez &
Martinez-Cortizas (2014) for peat under aerobic con-
ditions, adapted to marine sediment samples and
anaerobic conditions through the use of a nitrogen
chamber and artificial seawater.

Each hemi-core was cut into 2 cm sections and sub-
sampled for microbial analysis in 15 layers (see Fig. 2
for sample distribution). Because Ca*? concentrations
greater than 100 ppm can induce false positives in
EcoPlates (Pierce et al. 2014), 1 sample was taken from
each half core to determine the Ca content (see below).

All materials used were sterilized at 120°C for 1 h,
to avoid contamination between samples. A 4 cm?
sample was taken from each section using a sterile
polycarbonate cylinder, and stored in 50 ml falcon
tubes with 30 ml of sterilized artificial seawater (for-
mula: 25.9 g NaCl + 13.6 g MgCl, - 6H,O + 4.14 g
NaSO, in 1000 ml of H,0). The tubes were vigorously
shaken at room temperature for 3 d to suspend and
activate the microorganisms after the cold storage
period. The suspensions were then filtered through
15 to 20 pm filters (Albet140) and used to inoculate
the EcoPlates. Each well was inoculated with 100 pnl
suspension using a multichannel micropipette and
read right away to get the blank (T0). The plates
were then incubated at 26°C for 11 d. The plates
were read twice a day during the first 5 d and once a
day after that (T1 to T15).

Every plate has 96 wells containing 31 different
carbon sources (2 amines, 3 miscellaneous com-
pounds, 4 polymers, 7 carbohydrates, 9 carboxylic
acids and 6 amino acids; see Fig. 1) in triplicate and
a blank. Each well contains a minimum growth
medium and a tetrazolium dye that develops color
when the microorganisms reduce the substrate. The
absorbance was read at 590 nm in a spectrophoto-
meter (Model 680, Bio-Rad Laboratories).

The Ca concentration was analyzed after filtration
of the 2 samples by atomic absorption, and showed
values lower than the limit (<100 ppm Ca; data not
shown).

EcoPlate anaerobic incubations

Subsampling and replication was the same in the
anaerobic and aerobic incubations, except that the
extraction, filtration and inoculation were performed
in a nitrogen atmosphere (chamber Cole Parmer MO:
SL 34790-00). The artificial seawater was bubbled
with nitrogen before being used for the experiment
within the chamber (Christian & Lind 2006). The
tubes and inoculated plates were sealed with
parafilm before removing them from the chamber.
The incubation and the readings were as for the aer-
obic incubations, keeping the anaerobic samples
sealed with parafilm to avoid the diffusion of oxygen
into them.

EcoPlate performance under anaerobic conditions

To check the seal effectivity on the plates, we
placed dry silica gel within a plate sealed in the
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Fig. 1. EcoPlate carbon sources. Pol, polymers; Cbh, carbo-

hydrates; Cb A, carboxylic acids; Misc, miscellaneous com-

pounds; Am A, amino acids; Amin, amines. Modified from
the Biolog® technical documentation

same way as the experimental ones. After 1 wk, no
color change was observed. When the seal was
broken, the silica started to change color within the
same day, evidencing that the sealing had been
effective.

There are no precedents of EcoPlates being used to
test sediment microbial activity under anaerobic con-
ditions, nor was the manufacturer's default plan to
design this product to be used in different oxic condi-
tions. Hence there is no information available from
the manufacturers about their performance under
such conditions. Theoretically, it should not depend
on which electron acceptor is used by the microor-
ganism. EcoPlates have been reported to work under
anaerobic conditions in 2 previous works (Christian

& Lind 2007) and the results obtained in our experi-
ment match the expected results of anoxic color
development. Furthermore, the replicates within
each plate for each carbon source and those of the
same sample inoculated in different plates showed a
coherent color development, confirming they were
not driven by random factors.

Numerical procedures

The data from the EcoPlates was processed using
the software R to obtain the mean of each source in
each plate at each time, eliminating values that
resulted in coefficients of variation larger than 30.
The respective mean absorbance at TO was sub-
tracted from all mean values to obtain the variation
due only to the consumption of the carbon source, not
to the initial color of the inoculum. After that, the
average well color development (AWCD) was calcu-
lated for each sample at T15 using the following
equation (Garland & Mills 1991):

AWCD =3(R; - C)/N (1)

where R;is the color of each well at time i (after blank
correction), C is the color development in the blank
(A1) and Nis the number of carbon sources (31). The
AWCD quantifies the metabolism in the aerobic and
anaerobic incubations.

The Shannon-Wiener diversity index (H') was also
calculated (Stefanowicz et al. 2010):

H'=-%plnp)) (2)

where p;is the average corrected color of each well i
divided by the sum of all the wells in the plate.

To compare the metabolisms, a ratio (anaerobic:
aerobic, AN:AE) was calculated with the absorbance
values at T15 for each carbon guild. Values <10 % of
the maximum absorbance value of the guild were
excluded and considered as not consumed to avoid
extreme ratio values.

The change in AWCD with time showed 2 distinct
phases characterized by a fast (typically T1 to T4-T7)
and a slower color development (until T15). The
slopes of each phase were calculated to express the
rate of microbial activity in the wells.

RESULTS

The core utilized in this study had a high content of
macroscopic plant debris (rhizomes, roots and leaf
sheaths) in the upper part (25 cm) whereas much
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Fig. 2. Average consumption on Day 11 (T15) of each compound with depth (cm) in aerobic and anaerobic conditions, with the
H' and average well color development (AWCD) values. Color scale: white, without significant consumption (lower than 0.5);
yellow, low consumption (between 0.5 and 1); light red, high consumption (between 1 and 1.5); dark red, very high consump-

tion (upper 1.5);

purple, highly consumed compound at all depths (average higher than 1);

green, compound that

did not show consumption (average lower than 0.3). Al: blank. See Fig. 1 for identity (color) of carbon sources

lower amounts of debris were present in the deeper
part (authors’ pers. obs.).

Stratification

The microbial metabolism, expressed as AWCD,
varied between microplates incubated under aerobic
and anaerobic conditions (Fig. 2). There was con-
sumption of microbial substrates at all depths, but it
was higher in the upper part of the mat (upper 34 cm)
for the aerobic compared to the anaerobic incubation
(Student's t-test: p < 0.001, mean AWCD: aerobic 0.81
+ 0.16; anaerobic 0.71 + 0.11). In the deeper samples
(below 34 cm) anaerobic metabolism was higher than
aerobic (Student's t-test: p < 0.001, mean AWCD: aer-
obic 0.55 £ 0.12; anaerobic 0.87 + 0.20). For the whole
core, anaerobic metabolism was higher than the aer-
obic (Student's t-test: p < 0.001, mean AWCD: aero-
bic 0.66 + 0.19; anaerobic 0.80 + 0.18).

The AWCD showed 2 distinct phases in all incuba-
tions, with a fast rate in the beginning (until T4 or T7
in aerobic incubations and T4 to T12 in anaerobic

conditions) followed by a slower rate for the remain-
ing part of the incubation period. The aerobic bacte-
ria responded faster in the upper parts of the core,
whereas the rates were similar for aerobic and anaer-
obic incubations in the deeper parts. The rates of the
second phase were similar for both metabolisms and
showed little variation with depth (Fig. 3).

The H' diversity index was very similar for both
conditions and all the samples, averaging 3.1 + 0.1.

Compound consumption

The carbon utilization was similar for aerobic and
anaerobic metabolisms, but there were major differ-
ences between the substrates. A higher consumption
(average color development of the carbon source in
the whole core >1) was recorded in aerobic condi-
tions for 3 amino acids, 4 carbohydrates, and 3 poly-
mers (B4, C1, C4, D2, D4, E1, E2, F1, G1 and HI;
Fig. 2), and in anaerobic conditions for 1 miscella-
neous compound, 5 polymers, 5 carbohydrates, 4
amino acids, and 1 carboxylic acid (B1, B4, C1, C4,
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Fig. 3. Average well color development (AWCD) kinetics. Left panels: examples of AWCD change with time (logarithmic y-
axis) at 3 depths (6-9, 18-22 and 50-53 cm). Red dots indicate phase change; grey line shows logarithmic fitting curve. Right
panel: distribution of the slope (carbon consumption rates) with depth

D1, D2, D4, E1, E2, E4, F1, F2, F4, G1 and H1; Fig. 2).
There was no consumption (average color develop-
ment <0.3) of 1 carbohydrate, 4 carboxylic acids and
2 miscellaneous (A2, C3, D3, E3, G2, G3 and H2;
Fig. 2) in the aerobic incubation. Similarly, 5 car-
boxylic acids and 1 miscellaneous (C3, D3, E3, F3, G3
and H2; Fig. 2) were not consumed in the anaerobic
incubation. The remaining compounds showed inter-
mediate levels of consumption (aerobic: 5 carboxylic
acids, 3 amino acids, 2 carbohydrates, 2 amines, 1
polymer and 1 miscellaneous compound; anaerobic:
3 carboxylic acids, 1 amino acid, 3 carbohydrates, 2
amines and 1 miscellaneous compound). The carbon
guilds with highest consumption were polymers (aer-
obic average: 1.32 + 0.54; anaerobic average: 1.23 +
0.34), carbohydrates (aerobic average: 0.96 + 0.58;
anaerobic average: 1.03 = 0.56) and amino acids (aer-
obic average: 0.79 + 0.58; anaerobic average: 1.17 £
0.42). Conversely, the carbon guilds with the lowest
consumption were carboxylic acids (aerobic average:
0.32 + 0.30; anaerobic average: 0.39 + 0.42), amines

(aerobic average: 0.45 + 0.26; anaerobic average:
0.55 + 0.5) and miscellaneous compounds (aerobic
average: 0.37 + 0.45; anaerobic average: 0.51 = 0.5).

The aerobic consumption of polymers was higher
than the anaerobic in the first 40 cm (AN:AE < 1)
whereas the opposite was the case below this
depth (AN:AE > 1; Fig. 4). The carbohydrate con-
sumption by both metabolisms followed a similar
pattern to that of the polymers, with most of the
AN:AE ratios lower than 1 in the top 40 cm and
most of them above 1 below 40 cm, and higher het-
erogeneity among the compounds. Amino acids
were consumed at all depths, except for A4, E4 and
F4, which showed no consumption under aerobic
conditions in several samples (Fig. 4). The distribu-
tion with depth of the AN:AE ratio was more homo-
geneous in the first 40 cm (except for the top sam-
ple) and more heterogeneous and higher below.
The carboxylic acids showed a low consumption for
both metabolisms. The depth distribution of the
AN:AE ratio was homogeneous with less data
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available below 60 cm due to the lack of consump-
tion by one of the metabolisms or both. The amines
ratio showed a very heterogeneous distribution
with no clear depth pattern. The miscellaneous
compounds G2 and H2 were barely consumed
under aerobic or anaerobic conditions. The miscel-
laneous B1 was consumed in both oxic and anoxic
conditions at all depths showing a homogeneous
rate distribution of around 1.

AWCD Kkinetics

The AWCD value of each sample was calculated to
the 15th time measurement, obtaining its change
over time. The resulting curve fitted a logarithmic
model where 2 phases could be differentiated: a first
fast consumption phase and a second slower phase,
with variation in the time of change between the 2
phases among samples.

The slope of the first phase was almost always
higher than that of the slow consumption phase
(Fig. 3). The average slope for the faster aerobic
phase was 4.9 x 107 + 2.6 x 1073, and for the slow
phase 1.5 x 107 + 0.4 x 1073, Under anaerobic con-
ditions, the average slopes were 4.5 x 1073 + 2.3 x
1072 and 1.0 x 1073 = 0.4 x 1073, respectively. For
the first phase, the aerobic and anaerobic con-
sumption rates (i.e. slopes) were, respectively, 3.3
and 4.5 times higher on average than those of the
second phase. In the first phase, average rates
were quite similar for both metabolisms, while the
aerobic metabolism was 1.5 times higher than the
anaerobic for the second phase.

The depth distribution of consumption rates was
similar for the aerobic metabolism (r = 0.67, p < 0.01),
with low values in the uppermost sample, the largest
values in the next 2 to 3 samples and a decreasing
trend below. No trend was found for the consumption
rates of the 2 phases under anaerobic conditions.

DISCUSSION

Microbial functional activity was found for both
aerobic and anaerobic metabolisms throughout the
Posidonia oceanica 1.3 m soil core studied. The
microbial consumption of the substrates was higher
under anaerobic conditions and showed large dif-
ferences between the carbon sources. Polymers,
carbohydrates and amino acids were more readily
used than carboxylic acids, amines or miscella-
neous compounds.

Stratification

Substrate consumption evidences the presence of
microorganisms able to metabolize carbon sources
with and without oxygen, facultatively or strictly, in
all samples studied. The degradation efficiency or the
microbial density in the initial inoculum of aerobic
microorganisms was probably higher in the topmost
half of the core, where the degradation of the carbon
sources was higher (Fig. 2). Conversely, in the bottom
half of the core the efficiency/density of aerobic mi-
croorganisms was probably lower than that of anaer-
obic microorganisms, as average AWCD values for
the whole core were 1.2 times higher for the anaero-
bic than for the aerobic experiment (0.80 vs. 0.66), de-
spite anaerobic metabolism being less efficient in car-
bon degradation (Fenchel et al. 1998). This suggests
that the cell number of anaerobic microorganisms
must have been larger to account for the higher activ-
ity. P. oceanica has adapted to the anoxic conditions
of its soils by releasing oxygen through the roots to
the sediment to maintain an oxic rhizosphere and
avoid the formation and uptake of sulfides into the
plant (Holmer et al. 2003, Borum et al. 2006). The av-
erage length of Posidonia spp. roots is approximately
43 cm (Duarte et al. 1998), justifying the occurrence
of aerobic activity in this part of the sediments. Bio-
turbation is also a common process taking place in
the upper layers of seagrass sediments resulting in an
increased oxygenation (Kristensen 2000). Outside the
influence of the rhizosphere or the bioturbated areas,
the carbon consumption in the soil occurs through
anaerobic metabolism. It seems then plausible to hy-
pothesize that the main process of degradation of
organic matter in the mat is the anaerobic metabo-
lism, limiting the degradation of organic matter and
thereby preserving plant remains, resulting in high
accumulation of organic C, as previously observed
(e.g. Serrano et al. 2012).

The H' index was high and similar for both meta-
bolisms along the depth of the core, suggesting a
diverse microbial community, similar to previous
findings in P. oceanica meadows (Garcia-Martinez et
al. 2009, Sawstrom et al. 2016) and over terrestrial
soils (Liao et al. 2016, Nurulita et al. 2016, Thomas et
al. 2016).

Substrate consumption
The main difference between the 2 incubations

that is related to consumption of carbon sources is the
larger number of compounds with high consumption
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(average absorbance value through the whole core
>1, Fig. 2) in the anaerobic incubations. Five com-
pounds were metabolized to a greater extent in the
anaerobic compared to the aerobic incubations, sug-
gesting a wider spectrum of potential carbon sources
for the anaerobic metabolism.

The polymers were metabolized easily by both
metabolisms throughout the core. In the first 40 cm,
the ratio between anaerobic and aerobic metabolism
remained below 1, meaning a higher aerobic poten-
tial activity on polymers. Below this depth, only F1
(glycogen) stayed <1, whereas other compounds, e.g.
C1 and D1 (Tween 40 and 80), showed higher con-
sumption under anaerobic conditions.

Like the polymers, the carbohydrates showed
faster aerobic consumption in the first 40 cm, and
shifted to higher anaerobic consumption below.
Some of the carbohydrates differed from this
behavior: A2 (B-methyl-D-glucoside) had limited
aerobic consumption at almost all depths but it
was moderately consumed under anaerobic con-
ditions (Figs. 2 & 4); C3 (2-hydroxy benzoic acid)
had low consumption under both conditions and
did not present any clear trend; B1 showed high
aerobic consumption in the first 40 cm and low in
the remaining samples, but almost no anaerobic
consumption.

All of the amino acids were highly consumed under
anaerobic conditions, while they were only con-
sumed in the first 40 cm under aerobic conditions,
with particular low consumption of A4, E4 and F4 (L-
arginine, L-threonine and glycyl-L-glutamic acid).
This seems to point towards an adapted anaerobic
community with a wider spectrum of amino acids as
substrates. The aerobic community in the upper sec-
tions would be expected to rely on leached organic
matter from the roots, while the anaerobic commu-
nity, growing away from the influence of the rhizo-
sphere, may have access to more aged organic mat-
ter, developing metabolic pathways to degrade less
labile carbon sources.

The carboxylic acids showed a very low consump-
tion for both metabolisms throughout the core. The
exception is F2 (b-glucosaminic acid), which only
showed low consumption in the aerobic metabolism,
while its consumption was one of the fastest under
anaerobic conditions. D-glucosaminic acid is de-
graded by glucosaminic acid dehydrase, which is
produced by microorganisms highly adapted to this
carbon source (Balazs & Jeanloz 1966). In accordance
with our data, microorganisms with the potential
to degrade glucosamine acids are primarily found
under anaerobic conditions, with only moderate

potential activity in the most superficial aerobic
samples.

Amines and miscellaneous compounds showed low
consumption in both metabolisms, except for Bl
(pyruvic acid methyl ester).

The different behavior found for highly consumed
carbon guilds (polymers, carbohydrates and amino
acids) between the first 40 cm and the rest of the core
seems to agree with the hypothesis that the rhizo-
sphere influences the microbial community by
changing oxygen availability around it, as mentioned
above. The fact that these differences were not
observed for the remaining 3 guilds can be due to
their general lower potential consumption. As most
of the dissolved organic matter, fresh plant remains
and seston organic matter would be deposited on the
first layers of the soil or on the rhizosphere, it seems
reasonable to hypothesize that the resident anaero-
bic community has developed the capacity to feed on
a wider spectrum of carbon sources (more amino
acids and glucosaminic acids) to compensate for the
lack of easy degradable ones. This hypothesis would
be in agreement with the wider range of carbon
sources highly utilized by the anaerobic metabolism
(15 vs. 10).

Only a few compounds were not consumed in
either of the 2 experiments (4 carboxylic acids and 1
miscellaneous compound; C3, D3, E3, G3 and H?2).
Furthermore, there was no consumption of A2 and
G2 (carbohydrate and miscellaneous) under aerobic
conditions and F3 (carboxylic acid) under anaerobic
conditions. C3 and D3 (2- and 4-hydroxy benzoic
acid) are abundant in P. oceanica detritus and associ-
ated with roots and sheaths, which form the plant
debris that increases down through the core (Kaal et
al. 2016). The lack of consumption of these carbon
sources in our experiment supports the interpretation
of Kaal et al. (2016) that they are part of a recalcitrant
bigger compound, the stability of which prevents the
microbial degradation associated with the humified
materials in the fine fraction of the sediment (Gadel &
Bruchet 1987), avoiding the development of a micro-
bial consumer community. Compounds without a
community of consumers are good candidates to
become blue carbon, even if the mechanisms of sta-
bilization are not yet clear.

Similar studies, under aerobic conditions, found no
consumption of one of the carboxylic acids (E3, y-
hydroxybutyric acid) and very low consumption of a
miscellaneous compound (H2, p,L-o-glycerol phos-
phate) in peat samples (Pérez Rodriguez & Martinez
Cortizas 2014); minimum consumption of amines,
carboxylic acids and phenolic compounds (C3 and
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D3, here as carboxylic acids) in seagrass sediment
cores from estuarine and coastal environments (Saw-
strom et al. 2016); and very low consumption of G3
and C3 (both carboxylic acids) and, again, no con-
sumption of E3, in a large set of soil samples (Rutgers
et al. 2016), suggesting limited consumption of these
carbon sources in soils.

Kinetics

Overall, the AWCD with incubation time fitted
an asymptotic curve. Pérez-Rodriguez & Martinez-
Cortizas (2014) obtained similar patterns, interpret-
ing them as sigmoidal, as is usually found in the liter-
ature on the topic. In our study, the lag phase leading
to a sigmoidal pattern was not evident, as we did not
record data for the first 2 d. The slope of the phases,
the fast growing phase and the slow phase reaching
the asymptote, was used as a proxy of carbon con-
sumption rate. The point of change between the 2
phases varied among samples but was always
between 40 and 80 h under aerobic conditions and
between 40 and 220 h under anaerobic conditions
(Fig. 3). This wider range for anaerobic incubations
can be related to a slower growth rate of the commu-
nity (Fenchel et al. 1998, Kristensen & Holmer 2001).

The second phase rate was quite similar for both
metabolisms with no major variation along the depth
of the core (Fig. 3). The first phase for anaerobic
metabolisms was more heterogeneous without a par-
ticular trend. Conversely, the aerobic metabolism
showed a maximum in the topmost 40 cm (especially
6 to 9 and 12 to 15 cm), with lower values below. The
higher rate can be related to a more efficient commu-
nity or, more likely, to a higher initial cell number.

CONCLUSIONS

To our knowledge, EcoPlates have been used only
once to test anaerobic consumption in water samples
(Christian & Lind 2006, 2007), but never in soil or
sediment samples.

Applying the same protocol under aerobic and
anaerobic conditions allows direct comparisons of
the results to be made. It must be taken into account
that the information about carbon source consump-
tion provided by the EcoPlates has to be regarded as
potential, because the conditions of the incubation
are far from those in the field. Furthermore, growing
microorganisms in the laboratory can affect the com-
munity structure promoting those more suited to

growth in culture medium. Also, as EcoPlates are
intended to analyze aerobic metabolism, the final
electron acceptor of the respiration chain is O,, but
when incubated under anaerobic conditions the elec-
tron acceptors available to the microorganisms must
come from the initial inoculum. This can affect the
results in 2 ways: the anaerobic acceptor may not be
in excess, as assumed, and the initial inoculum may
not have one of the possible electron acceptors
(except SO, which was provided in excess in the
artificial seawater) present in the soil. This will result
in a lower microbial activity. Despite these method-
ological limitations, we think that the following con-
clusions can be inferred from this study:

(1) Carboxylic acids and amines do not seem to be
easily degraded by the Posidonia oceanica soil com-
munity. Further research is needed to determine if
these compounds are preferentially preserved as
recalcitrant forms. The anaerobic community seems
to be able to metabolize a wider spectrum of carbon
sources than its aerobic counterpart, and has adapted
to feed on more recalcitrant compounds.

(2) Microbes show a clear depth stratification, most
likely resulting from oxygen gradients associated
with both the distance to the soil surface and to the
roots of the seagrass. Two zones were identified: one
near the living plant, where the fresh plant exudates
and plant debris are actively decomposed, and a slow
degradation zone, where the buried carbon decays
slowly. Further experiments will be necessary to
know if there is also a stratification within the anaer-
obic metabolism due to the other electron acceptors.

(3) Overall, our results point to a clear dominance
of anaerobic metabolism in the seagrass soil samples
studied. Consumption stratification and kinetic pat-
terns strongly suggest that the community of anaer-
obes is larger (cell number) and more active (higher
potential activity) in P. oceanica soils than that of
their aerobic counterparts. This outcome enhances
understanding of the low organic carbon turnover
reported for P. oceanica soils.

It has to be kept in mind that this experiment was
performed with samples from a single mat core.
Owing to the high biogeochemical variability occur-
ring in the P. oceanica mat, it is expected that the
observations made here can vary considerably fol-
lowing different gradients (seasonality, bathymetry,
water and plant trophic status, etc.). The presented
results are to be considered as a test of the method to
stimulate further efforts in deciphering the role of
microbial activity in the carbon dynamics associated
with this unique and largely unexplored compart-
ment of seagrass meadows.
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