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INTRODUCTION

Seagrass meadows influence both the physical
environment and resident biological communities in
coastal ecosystems (Orth et al. 2006, Waycott et al.
2009, Duarte et al. 2010, Fourqurean et al. 2012,
McGlathery et al. 2013). They also play a major role
in nutrient cycling by supporting high nitrogen and
phosphorus uptake, thereby improving local water

quality (De Wit et al. 2001, McGlathery et al. 2007,
Deborde et al. 2008, Delgard et al. 2016). On a global
scale, seagrass ecosystems can store as much as
19.9 Pg of organic carbon (Fourqurean et al. 2012),
being responsible for 20% of the global carbon
sequestration in marine sediments despite occupying
only 0.1% of the world ocean surface (Duarte et
al. 2005, Kennedy et al. 2010). Waycott et al. (2009)
reported an ongoing global decline in seagrasses that
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is comparable to those recorded for mangroves and
coral reefs. According to those authors, seagrasses
have been disappearing worldwide at a rate of
110 km2 yr−1 since 1980, with accelerating decline
since 1990. Such a decline is suspected to modify the
metabolic status of seagrass meadows and their role
as long-term carbon sinks (McLeod et al. 2011,
Fourqurean et al. 2012). Although Stutes et al. (2007)
and Antón et al. (2011) suggested that threatened
tropical seagrass meadows with decreasing seagrass
biomass could show reduced intensities in both ben-
thic respiration and primary production without
changes in their net metabolic status, little is still
known about the effect of the decline in seagrass
meadows on their metabolism.

Benthic metabolism is often investigated through
the assessment of the dynamics of oxygen (O2)
and/or dissolved inorganic carbon at the sediment−
water interface. Several studies have investigated
the metabolism of seagrass meadows using ex situ
incubations (e.g. Hansen et al. 2000, Welsh et al.
2000), in situ incubations (e.g. Viaroli et al. 1996, Plus
et al. 2001, Yarbro & Carlson 2008), the open-water
O2 mass balance technique (Champenois & Borges
2012) and the eddy correlation technique (Hume et
al. 2011, Rheuban et al. 2014a,b). Overall, the trophic
status of seagrass meadows is highly variable, with
net autotrophy or heterotrophy depending on the
location (Duarte et al. 2010 and references therein).
Many studies have assessed the temporal changes in
seagrass metabolism over inter-annual (Champenois
& Borges 2012), annual (Yarbro & Carlson 2008,
Ouisse et al. 2010) and daily (Rheuban et al. 2014b)
timescales. Conversely, little is still known about the
spatial changes in benthic metabolism within a given
seagrass meadow. Most of the studies cited above
were performed in mature homogeneous meadows,
whereas heterogeneous meadows have received
only little attention, even though they are becoming
more and more common as a consequence of global
seagrass decline (Orth et al. 2006, Waycott et al.
2009). Further studies are therefore clearly needed to
better assess the spatiotemporal changes in benthic
metabolism within seagrass meadows.

Such an assessment is not trivial, because sea-
grasses may affect benthic metabolism directly
through their own production/respiration, but also in-
directly by modifying the biotic and/or abiotic char-
acteristics of the sediment. Seagrasses may, for exam-
ple, enhance organic matter cycling through seston
entrapment (Ward et al. 1984, Wilkie et al. 2012)
or the decomposition of dissolved root exudates
and senescent plant material (Holmer et al. 2001,

Fourqurean et al. 2012). In the presence of sea -
grasses, the trapping of suspended particulate or -
ganic matter (POM) may result in a higher quantity
and lability of sedimentary organics, which tend to
stimulate benthic microbial respiration and thus posi-
tively affect sediment total O2 uptake (TOU). Sedi-
ment O2 availability can also be modified directly
through radial oxygen loss from seagrass roots, al-
though the total O2 release to the rhizosphere of
Zostera marina beds was estimated at only 2 to 14%
of the diffusive O2 uptake (Jensen et al. 2005, Fred-
eriksen & Glud 2006). In addition, seagrasses provide
a habitat for primary producers such as benthic mi-
cro- and macroalgae or epiphytic algae (McRoy &
McMillan 1977, Fredriksen et al. 2010, Vafeiadou et
al. 2014), and several studies have suggested that
epiphyte photosynthesis might contribute signifi-
cantly to primary production in seagrass meadows
(Hasegawa et al. 2007, Ouisse et al. 2010). Seagrass
meadows also provide a habitat for a large diversity
of benthic macrofauna (Boström & Bonsdorff 1997,
Fredriksen et al. 2010, Tu Do et al. 2011, Bernard et
al. 2014). These organisms are known to enhance
sediment O2 uptake through their own respiration and
the construction of burrows that introduce secondary
oxic surfaces within the sediment column (Kristensen
2000, Glud 2008, Aller 2014, Braeckman et al. 2014).
Spatial changes in O2 fluxes within a heterogeneous
seagrass meadow could thus result from differences
in sea grass abundance and/or quantitative benthic
macro fauna characteristics and composition. To date,
the interactions between seagrasses and benthic
macrofauna controlling benthic metabolism in coastal
sediments have received little attention, such that the
spatial and temporal changes in these interactions
 remain poorly understood (Thouzeau et al. 2007).

The present study aimed to assess how changes in
seagrasses and associated macrofauna within a het-
erogeneous Z. noltei meadow influence the spa-
tiotemporal changes in benthic metabolism. The total
benthic metabolism of the seagrass community was
estimated through the TOU. We also assessed the
effect of the presence of seagrasses on the diffusive
oxygen uptake (DOU), which represents a currently
unknown component of the benthic metabolism of
seagrass meadows. The studied meadow is located in
Arcachon Bay (west coast of France) and is character-
ized by marked seasonal changes in Z. noltei leaf
biomass (Auby & Labourg 1996). It also exhibits high
spatial heterogeneity in leaf cover during summer
and autumn resulting from its severe decline since
2005 (Plus et al. 2010, Auby et al. 2011, Delgard et al.
2013).
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MATERIALS AND METHODS

Study area and sampling procedures

Arcachon Bay is a 174 km2 mesotidal (tidal range:
0.8 to 4.6 m) closed bay located on the Atlantic
French coast. It is connected to the Atlantic Ocean by
a channel that is 2 to 3 km wide. Its intertidal area
(117 km2) is covered by mudflats partly occupied by
Zostera noltei meadows and oyster beds. Its subtidal
area (57 km2) is partly colonized by Z. marina mead-
ows. The present study was conducted on an inter-
tidal flat located in the middle of the bay (Germanan
site; Fig. 1). This flat is approximately 1.7 m above
the mean water level with an approximate emersion
period of 6 h d−1 and a water height of approximately
2 m at high tide (Ganthy et al. 2013). During the
study period, it was colonized by a Z. noltei meadow
exhibiting a strong spatial heterogeneity in leaf
cover during summer and autumn. At this time, the
meadow typically consisted of approximate 3 m2

patches with different amounts of leaf cover. Vege-
tated sediments (Stns Z) and adjacent bare sediments
(Stn N) were sampled over 2 d every 3 mo (i.e. during
each season) from October 2010 to October 2011. In
vegetated sediments, 3 vegetated patches with
increasing leaf cover (Stns Z1, Z2, Z3) were sampled

in October 2010 (autumn) and July 2011 (summer) to
consider the spatial heterogeneity of the Z. noltei
bed. Care was taken to sample 3 patches with leaf
covers representative of the 3 different coverage
classes (i.e. <25%, 25−75% and >75%) defined by
Plus et al. (2010) as follows: <25% is associated with
shoots scattered in weak density or very heteroge-
neous seagrass beds; 25−75% is associated with het-
erogeneous seagrass beds presenting an alternation
of covered spots and patches of bare substratum; and
>75% is associated with continuous and homoge-
neous seagrass beds with strong leaf cover. Owing to
logistical constraints, Stns Z1 and Z3 could not be
sampled in October 2011 (autumn). During spring
and winter, the meadow was much more homoge-
neous and, therefore, only medium leaf density
patches (Stn Z2) were sampled in February 2011 and
April 2011. For all stations, care was taken to sample
different patches from one season to the next to avoid
artefacts resulting from previous samplings. During
each season, the water temperature and salinity
were measured approximately 4 h before low tide at
Stns N and Z2 using a thermosalinometer (WTW
197i). During each season and for each sampled sta-
tion (see above), 6 to 8 sediment cores were consis-
tently collected manually at low tide and at noon
using Plexiglas core tubes (9.1 cm diameter and
40 cm length), which were inserted into the sediment
to at least 25 cm depth. Sediment cores were trans-
ported to the laboratory within 1 h of their collection
and then transferred into a large tank containing
high-tide water, where they were kept for approxi-
mately 4 h before the start of the measurements,
which were all carried out at in situ temperature.

Diffusive O2 fluxes

Oxygen microprofiles were measured using Clark-
type microelectrodes (Revsbech 1989). For each sea-
son except in October 2010, replicate depth profiles
of the O2 concentration (n > 5) were randomly per-
formed in single cores collected at Stns N and Z2.
This sampling design was chosen partly because of
technical and time constraints, and partly because
previous studies have shown that, over the spatial
range considered during the present study, biogeo-
chemical heterogeneity is mainly associated with the
smallest (e.g. <16 cm2, according to Deflandre 2001)
spatial scales (see also Stockdale et al. 2009). Sensors
with a 50 µm tip diameter (Unisense A/S) were posi-
tioned using a motor-driven micromanipulator con-
trolled by a portable computer. At Stn Z2, owing to
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Fig. 1. Arcachon Bay (France) showing the location of the study 
site, ‘Germanan’
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sensor fragility, O2 profiles could only be measured in
a core with a relatively low shoot density compared to
those used for the total O2 flux measurements. Linear
calibration was achieved using the O2 concentration
of the overlying water measured by Winkler titration
(Grasshoff et al. 1999) and the zero oxygen in the
anoxic part of the sediment. Oxygen profiles were
processed using the PRO2FLUX software (Deflandre
& Duchêne 2010). DOU was computed according to
Fick’s first law applied to sediments (Berner 1980):
DOU = ϕ × Ds × dC/dz, where ϕ is the sediment poro -
sity, dC/dz is the concentration gradient and Ds is the
bulk sediment molecular diffusion coefficient cor-
rected for tortuosity, i.e. Ds = D0/θ2, where θ is the
 tortuosity and D0 is the diffusion coefficient in water
(Broecker & Peng 1974) at in situ  temperature (Li &
Gregory 1974). Ds was estimated as Ds = D0/[1 + 3(1 −
ϕ)] (Iversen & Jørgensen 1993). The steady-state
O2 gradient was assessed based on the fitting of the
depth profile of the O2 concentration. A full descrip-
tion of this method can be found in Rasmussen & Jør-
gensen (1992), De Wit (1995) and De Wit et al. (1997).

Total O2 fluxes: community respiration and gross
primary production

For all stations and seasons, incubations under
light and dark conditions were performed on 5 to 6
replicate sediment cores. These cores were sealed
with a waterproof cap and their overlying water was
constantly stirred (ca. 30 rpm) with a Teflon-coated
magnetic bar. Light with an intensity of 170 µmol
photons m−2 s−1 at the sediment surface was supplied
by fluorescent tubes (Arcadia FMW30) during incu-
bations under light. This intensity was in the range of
that occurring in the field under immersion. Based on
measurements carried out over a tidal flat in Arca-
chon Bay during May and September 1994, Isaksen
& Finster (1996) reported that the light intensity
reaching the Z. noltei canopy could be high (i.e. 700
to 1300 µmol photons m−2 s−1) under emersion, but
drastically decreased during rising tide because of
strong shading by incoming turbid waters. Under a
50 cm water cover, the light intensity that these
authors measured around midday was, for example,
less than 150 µmol photons m−2 s−1. Water samples
were collected at the beginning and end of the incu-
bation. They were analyzed for O2 by Winkler titra-
tion (Grasshoff et al. 1983). Incubation durations
were adjusted (2 to 4 h) to ensure that O2 concentra-
tions never dropped by more than 30% of their initial
values. Total O2 fluxes (F) were computed as follows:

Fdark/light = [(Cend − Cstart) × V]/(A × T), where Cend and
Cstart are end and starting oxygen concentrations,
respectively, V is the volume of the water column, A
is the sediment surface area and T is the incubation
duration. Community respiration (CR) (CR = −Fdark)
measured in the dark was added to net community
production (NCP) (NCP = Flight) measured in the
same core under light conditions to calculate gross
primary production (GPP) (GPP = NCP + CR).

Sediment characteristics

Porosity, particulate organic carbon (POC) and par-
ticulate organic nitrogen (PON) were measured dur-
ing all seasons (except October 2010) at Stns N and
Z2. These parameters were measured in the upper 0
to 0.5 cm sediment layer. Sediment porosity was
determined from the water content calculated after
freeze-drying the samples, by using a porewater
density of 1.03 g cm−3 and a dry density of 2.65 g
cm−3, which is the mean density of sandy muds. Sed-
iment porosity was corrected for salt content using
seawater salinities (Burdige 2006). Sediment POC
and PON contents were measured on 3 replicate
cores. Samples were freeze-dried and analyzed with
an automatic CN analyzer (Thermo Flash EA1112).
POC measurements were performed after removal of
carbonates (0.3 M HCl, 24 h) from 10 mg dry weight
(DW) of powdered samples.

Seagrass and benthic macrofauna characteristics

At the end of each incubation (see ‘Total O2 fluxes’
above), sediment from each core was carefully
passed through a 0.5 mm sieve to collect plant mate-
rial and benthic macrofauna. The seagrass material
was divided into aboveground (AG) and below-
ground (BG) samples. The number of shoots per core
was counted. The DW of leaves (alive) and roots/rhi-
zomes (dead and alive) was assessed by drying to
constant weight at 70°C. Benthic macrofauna was
fixed in 4% buffered formaldehyde and stained with
rose bengal. Organisms were counted, separating
epifauna and infauna based on the portion of the
habitat that they primarily occupied (see Bouma et al.
2009). Corresponding species lists are given in the
Appendix. Epifauna and infauna biomasses were
determined as the ash-free dry weight (AFDW) after
desiccation (48 h at 60°C) and combustion (4 h at
450°C). The number and the small surface of the
cores used in the present study possibly led to an
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undersampling of benthic macrofauna. As a compar-
ison, Bernard et al. (2014) also sampled Stns N and
Z2 for infauna during the same seasons of the same
years, but collected a 0.2 m2 sediment surface (versus
primarily 0.042 m2 during the present study). They
extensively presented and discussed spatiotemporal
changes in the composition of benthic infauna. As a
consequence, because both flux and macrofauna
data originated from the same sediment cores, we
first restricted the use of our macrofauna data to the
incorporation of both epi- and infauna characteristics
in stepwise regression models to describe the spa-
tiotemporal changes in CR and GPP (see ‘Statistical
analysis’ below). Nevertheless, because one of the
hypotheses underlining the upscaling of our flux data
to the whole intertidal area of Arcachon Bay (see
‘Upscaling to the whole intertidal area of the bay’
below) is that the macrofauna collected in our ex -
perimental cores were indeed representative of the
 benthic macrofauna present in the field, we also
qualitatively compared our infauna data with those
collected by Bernard et al. (2014) at the same stations
and seasons. The same approach was used for epi-
fauna data based on a comparison with unpublished
data (G. Bernard pers. comm.).

Statistical analysis

POC, PON, DOU, CR, GPP, Z. noltei and macro-
fauna data measured during the whole monitoring
period at Stns N and Z2 were first analyzed by testing
the effects of ‘season’ (fixed, 5 levels) and ‘station’
(fixed, 2 levels) factors using univariate 2-way per-
mutational ANOVA (PERMANOVA; Anderson 2001,
McArdle & Anderson 2001) without preliminary data
transformation using Euclidean distances. CR, GPP,
Z. noltei and macrofauna data measured in October
2010 and July 2011 along the leaf cover gradient
were analyzed by testing the effects of ‘season’
(fixed, 2 levels) and ‘station’ (fixed, 4 levels) factors
using the same procedure. In both cases, pairwise
tests were performed to assess the differences be -
tween factor levels. All these analyses were per-
formed with the PRIMER v6 package and the PERM-
ANOVA+ add-on software (Clarke & Warwick 2001,
Anderson et al. 2008).

Relationships between seagrass and benthic macro -
fauna characteristics and between total oxygen fluxes
and biotic/abiotic parameters were investigated using
pairwise correlations. Subsequently, stepwise regres-
sion was used to produce overall models linking
changes in CR and GPP with both biotic (seagrass

and macrofauna) and abiotic (temperature) para -
meters. Note that relationships be tween macrofauna
parameters and GPP were not tested because macro-
fauna cannot directly affect primary production.
Parameters were included in the model only if their
addition significantly improved the proportions of the
explained CR and GPP variances. Pairwise correla-
tions and stepwise regressions were performed using
JMP software (SAS Institute).

Upscaling to the whole intertidal area of the bay

The studied intertidal flat is part of a heteroge-
neous Z. noltei meadow that partially covers the
intertidal zone of Arcachon Bay. All surface area cov-
ered by Z. noltei throughout the entire bay was eval-
uated in late summer 2005 and 2007 by Plus et al.
(2010) and Auby et al. (2011), respectively, taking
into account 3 different coverage classes: <25%,
25−75% and >75%. During the present study, Stns
Z1, Z2 and Z3 were positioned to be representative of
these 3 classes, and Stn N was positioned to be rep-
resentative of the whole intertidal area covered by
bare sediments. During summer and autumn, the
meadow was heterogeneous. Stns Z1, Z2 and Z3 in
July 2011 and October 2010 were thus each consid-
ered representative of 1 of the 3 abovementioned
coverage classes. In winter and spring, the studied
meadow was relatively homogeneous, and the sta-
tion with medium leaf density (i.e. Z2) was assumed
to be representative of the entire meadow. For each
season, the CR and GPP rates of the whole vegetated
and bare areas were estimated by multiplying each
individual flux measured during the present study by
the corresponding surfaces in 2005 and 2007, as eval-
uated by Plus et al. (2010) and Auby et al. (2011),
respectively. In this way, we were able to assess the
seasonal changes in metabolic rates of the whole
intertidal area of Arcachon Bay and compare them
between 2005 and 2007.

RESULTS

Abiotic parameters

During the study period, the salinity ranged from
29.3 to 34.6 (Table 1). The maximum (21.5°C) and
minimum (6°C) temperatures were recorded in July
and February 2011, respectively. Temperatures were
similar (i.e. approximately 15°C) in April 2011 and
October 2010 and 2011. The porosity at Stns N and Z
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ranged from 0.67 to 0.83 (Table 1). The PON and
POC contents did not differ between vegetated and
bare sediments except in October 2011 (Table 1). The
mean POC and PON contents were 2.2 ± 0.53% DW
(mean ± SD) and 0.22 ± 0.05% DW, respectively.

Seagrass and benthic macrofauna

Zostera noltei was the only macro-
phyte colonizing vegetated stations,
and no significant amounts of epi-
phytes were observed on its leaves
during the entire period under study.
Conversely, benthic microalgae formed
a brown biofilm at the surface sedi-
ment that was clearly visible in Febru-
ary 2011 at Stn N. At Stn Z2, the
aboveground (AG) Zostera sp. biomass
exhibited strong seasonal changes
(Table 2), with a minimum in Febru-
ary (9.8 ± 1.9 g DW m−2) and a maxi-
mum in July and October (38.2 ± 2 g
DW m−2, mean of the 2 mo ± SD). The
AG Z. noltei biomass at Stn Z2 corre-
lated positively with temperature (r =
0.73, p < 0.001; Table 3). At this sta-
tion, the belowground (BG) Z. noltei

biomass and shoot density did not vary significantly
between sampling periods. All seagrass parameters
increased significantly along the leaf density gradi-
ent (Table 2). The mean AG Z. noltei biomass was
lower at Stn Z1 (11.3 ± 3.6 and 15.8 ± 5.4 g DW m−2

60

                              Zostera noltei                               Epifauna                      Infauna
        AG biomass     BG biomass       Shoot density              Biomass               Abundance              Biomass           Abundance    
        (g DW m−2)      (g DW m−2)         (shoots m−2)           (g AFDW m−2)           (ind. m−2)           (g AFDW m−2)        (ind. m−2)

Oct 2010   
N             ×                     ×                       ×                       0.3 ± 0.3 c         362 ± 187 b       4.2 ± 2.4 a     2645 ± 1402 b
Z1      11.3 ± 3.6   c 54.6 ± 15.9 c 5101 ± 2476 c         7.9 ± 5.7 bc     2203 ± 1791 b     14.8 ± 11.4 a   6580 ± 1722 a
Z2      36.2 ± 7.8   b 123.1 ± 10.1 b   10339 ± 987   b         10.8 ± 6.0 *ab     7283 ± 3426 *a       6.6 ± 6.4 a     906 ± 381 *c
Z3    89.0 ± 21.1 a 142.8 ± 31.4 a 17032 ± 2985 a       20.4 ± 10.1 a     11536 ± 3965 a       8.0 ± 9.0 a   2000 ± 1082 bc

Feb 2011   
N               ×                       ×                         ×                       0.2 ± 0.1             145 ± 130           3.8 ± 1.8       2681 ± 1249
Z2       9.8 ± 1.9         95.7 ± 18.9       12560 ± 2644              7.7 ± 2.6 *         6667 ± 1746 *       25.1 ± 18.8 *     8551 ± 2626 *

Apr 2011   
N             ×                     ×                         ×                       0.1 ± 0.1               48 ± 75           4.6 ± 2.3       3285 ± 2069
Z2      22.1 ± 6.3       72.3 ± 18.6       14362 ± 3903              4.0 ± 2.5 *         4758 ± 3120 *       20.8 ± 16.5 *     8961 ± 3357 *

Jul 2011    
N             ×                     ×                        ×                       0.1 ± 0.1 c         174 ± 189 c       3.6 ± 1.4 a   2870 ± 1072 b
Z1      15.8 ± 5.4   c    19.9 ± 5.0    c     5130 ± 898     c         4.5 ± 2.3 b     12203 ± 4660 a       6.1 ± 4.8 a   3333     845 b
Z2      40.3 ± 4.9   b   47.6 ± 8.0   b   12536 ± 2229   b         10.5 ± 4.7 *a       6580 ± 2666 *b       8.8 ± 4.5 *a   7217 ± 1443 *a
Z3      63.2 ± 7.4   a   79.3 ± 7.2   a   18214 ± 2351   a         15.9 ± 5.9 a       7739 ± 2800 ab     8.2 ± 5.3 a   7478 ± 1777 a

Oct 2011   
N             ×                     ×                         ×                        0.1 ± 0.1             531 ± 270           6.5 ± 3.0       4058 ± 1230
Z2      38.1 ± 7.3       54.5 ± 18.4         6052 ± 1318               5.4 ± 6.6 *           870 ± 367           8.4    2.8       6304 ± 2076

Table 2. Seagrass and macrofauna parameters measured in bare (N) and vegetated (Z1, Z2 and Z3) sediments: mean ± SD (n = 4
to 6) shoot density, above- (AG) and belowground (BG) biomass, abundance and biomass of epi- and infauna. Bold: significant dif-
ference between dates (n vs. n − 1) within the station (N or Z2). In October 2010 and July 2011, stations (N, Z1, Z2, Z3) not con-
nected by the same letter are significantly different (p < 0.05). *significant difference (p < 0.05) between N and Z2 within the same
date. Letters refer to the results of the pairwise tests associated with PERMANOVA regarding the effect of the factor ‘station’ 

in each season. AFDW: ash-free dry weight; ×: Stn N not colonised by Z. noltei

Sampling       Stn     Temp.   Salinity  Porosity         PON               POC 
date                             (°C)                    (vol/vol)         (%)                   (%)

Oct 2010          N 14.5 34.5 na na na
                        Z2 14.5 34.5 na na na

Feb 2011         N 6 29.3 0.8 0.19 ± 0.02 2.23 ±0.61
                        Z2 6 29.3 0.66 0.17 ± 0.02 2.32 ± 0.47

Apr 2011         N 16.5 30 0.77 0.17 ± 0.03 1.64 ± 0.31
                        Z2 16.5 30 0.69 0.14 ± 0.02 1.03 ± 0.04

Jul 2011           N 21.5 34.6 0.71 0.25 ± 0.01 2.63 ± 0.19
                        Z2 21.5 34.6 0.7 0.31 ± 0.06 2.86 ± 0.47

Oct 2011          N 14.5 33.4 0.78 0.29 ± 0.04 2.68 ± 0.35
                        Z2 14.5 33.4 0.84 0.23 ± 0.02* 2.08 ± 0.07*

Table 1. Temperature and salinity of bottom water, sediment porosity and par-
ticulate organic carbon (POC) and nitrogen (PON) measured during each sam-
pling period in bare (N) and vegetated (measured only at Stn Z2) sediments.
POC and PON are given as the mean ± SD (n = 3). Bold: significant difference
between dates (n vs. n − 1) within the same station (i.e. N or Z) (p < 0.05); *sig-
nificant difference between N and Z within the same season (p < 0.05). na: not
available; porosity, POC and PON were not measured in October 2010 

because of technical problems
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in October and July, respectively) than at Stn Z3
(89.0 ± 21.1 and 63.2 ± 7.4 g DW m−2 in October and
July, respectively). During these 2 sampling periods,
both the shoot density and BG Z. noltei biomass
showed a positive, significant relationship with the
AG Z. noltei biomass (Table 3).

Overall, we collected 18 epifaunal and 35 infaunal
species (see the Appendix; full data set available on
request). At both vegetated and bare stations, in
terms of abundance and biomass, epifauna and
infauna were highly dominated by the gastropod
Peringia ulvae and the polychaete Melinna palmata,
respectively. The other 5 dominant epifaunal species
were the gastropods Bittium reticulatum, Littorina lit-
torea, Gibbula umbilicalis and Rissoa membranacea,
and the amphipod Ampithoe rubricata. The other 4
dominant infaunal species were the oligochaete
Tubificoides benedii, the polychaetes Aphelochaeta
marioni and Heteromastus filiformis, and the bivalve
Abra segmentum. For both epi- and infauna, sea-
sonal changes in abundance and biomass tended to
be much less important than spatial changes in these
parameters. Infauna abundance and biomass were
higher in vegetated than in bare sediments (overall
means ± SD of 5703 ± 3211 vs. 3107 ± 1428 ind. m–2

and 11.9 ± 11.8 vs. 4.5 ± 2.3 g AFDW m−2, respec-
tively). This trend was even more pronounced for
epifauna (overall means ± SD of 6649 ± 4430 vs. 252
± 242 ind. m−2 and 9.7 ± 7.2 vs. 0.2 ± 0.2 g AFDW m−2,
respectively). In October 2010 and July 2011, epi -
faunal parameters (except for the abundance in July

2011) consistently increased from Stns N to Z3 and
correlated positively with the AG Z. noltei biomass
(Table 3). Spatial changes in infaunal characteristics
were not as clear and only the infauna abundance
measured in July 2011 cor related positively with the
AG Z. noltei biomass (Table 3).

Diffusive O2 uptake

The mean DOU ranged from 0.37 ± 0.18 to 0.93 ±
0.15 mmol m−2 h−1 (Fig. 2). Significant changes were
observed both between seasons and stations (p <
0.001 in both cases), with a significant interaction
between these 2 factors (p < 0.001). In both February
and April 2011, the DOU was significantly higher at
Stn N. Conversely, in July 2011, the DOU was signif-
icantly higher at Stn Z2. However, the DOU did not
significantly differ at Stns N and Z2 during October
2011. Overall, there was no clear effect of the pres-
ence of Z. noltei on DOU.

Community respiration

CR (Fig. 3) showed significant differences both be-
tween stations and seasons (p < 0.001 in both cases),
with a significant interaction between these 2 factors
(p < 0.001). At Stn N, the CR ranged from 1.15 ± 0.21
to 2.05 ± 0.15 mmol m−2 h−1 and exhibited only weak
seasonal changes. Except in February 2011, CR was
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                                          Temp.                               Zostera noltei                   Epifauna         Infauna
                                                                    AG biom.   BG biom. Shoot den.             Biom.     Abund.           Biom.     Abund.

AG biomass
Z2                                      0.73***                      1                 –                 –                         –               –               −0.47*     −0.44*
Z1/Z2/Z3 Oct 2010               ×                           1           0.88***      0.94***               0.74**     0.85***               –           −0.63*
Z1/Z2/Z3 Jul 2011                 ×                           1           0.97***      0.85***               0.78**          –                   –       0.77***
CR
N                                             –                           ×                 ×                ×                         –               –                   –           0.45*
Z2                                      0.93***                 0.75***       −0.44*           –                         –               –                   –               –
Z1/Z2/Z3 Oct 2010               ×                      0.98***     0.87***    0.90***             0.69** 0.83***             –           −0.57*
Z1/Z2/Z3 Jul 2011                 ×                      0.83***     0.83***    0.80***               0.56*      −0.53*               –       0.78***
GPP
N                                       −0.57**                     ×                 ×                ×                        ×              ×                   ×               ×
Z2                                    0.78***             0.67***           –                 –                         ×              ×                   ×               ×
Z1/Z2/Z3 Oct 2010               ×                     0.98***       0.81**     0.95***                  ×              ×                   ×               ×
Z1/Z2/Z3 Jul 2011                 ×                       0.83**        0.83**       0.83**                    ×              ×                   ×               ×

Table 3. Pairwise correlation coefficients relating the aboveground Z. noltei biomass (AG biom.), community respiration (CR)
and gross primary production (GPP) to temperature (temp.), seagrass (above- and belowground Z. noltei biomass and shoot
density) and macrofaunal (biomass, abundance of epi- and infauna) parameters. Only correlation coefficients associated with
p < 0.05 are shown. –p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. Shoot den.: shoot density; BG: belowground; abund.: 

abundance. ×: non-tested correlations; see ‘Materials and methods: statistical analysis’
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higher in vegetated sediments compared to bare sed-
iments. The CR at Stn Z2 exhibited stronger seasonal
changes, with a minimum in February 2011 (0.84 ±
0.12 mmol m−2 h−1) and a maximum in July 2011 (5.83
± 0.84 mmol m−2 h−1). The CR measured along the
whole leaf cover gradient also significantly differed
between stations (p < 0.001) and sampling dates (p <
0.001). Here again, there was a significant interaction
effect between these 2 factors (p = 0.023). In October
2010, the CR significantly increased along the leaf
density gradient from 1.83 ± 0.30 mmol m−2 h−1 at
Stn Z1 to 5.89 ± 1.68 mmol m−2 h−1 at Stn Z3. The same

trend was observed in July 2011, with an increase
from 3.18 ± 0.52 mmol m−2 h−1 at Stn Z1 to 7.19 ± 0.17
mmol m−2 h−1 at Stn Z3. The main difference between
the 2 sampling dates was the occurrence of much
higher CR at Stn Z2 during July 2011.

Gross primary production

GPP (Fig. 4) varied significantly between both sta-
tions and seasons (p < 0.001 in both cases), with a sig-
nificant interaction between these 2 factors (p <
0.001). The GPP at Stn N exhibited strong seasonal
changes, with a minimal value close to zero in Octo-
ber 2010 and a maximum of 2.49 ± 0.87 mmol O2 m−2

h−1 in February 2011. Conversely, the GPP at Stn Z2
was minimal (0.47 ± 0.28 mmol m−2 h−1) in February
2011 and maximal in July 2011 (4.78 ± 0.54 mmol O2

m−2 h−1). Except in February 2011, the GPP at Stn N
was significantly lower than that measured in the
vegetated sediment cores. In October 2010 and July
2011, the GPP significantly increased along the leaf
density gradient to 8.77 ± 1.38 mmol O2 m−2 h−1 at
Stn Z3 in October 2010.

Relationship between benthic metabolic fluxes and
environmental parameters

CR positively correlated with temperature at
Stn Z2 (r = 0.93, p < 0.001) but not at Stn N (Table 3).
At both stations, the CR did not (or only weakly)
 correlate with benthic macrofauna parameters. Con-

versely, highly significant correla-
tions were found between the meas-
ured CR and AG Z. noltei biomass
during the seasonal monitoring at
Stn Z2 (r = 0.75, p < 0.001) and along
the leaf density gradients in October
2010 and July 2011 (Table 3; r = 0.98
and 0.83, respectively, p < 0.001 in
both cases). During these 2 sampling
 periods, significant positive correla-
tions were also found between CR
and several macrofaunal para meters.
GPP significantly correlated with tem -
perature, with negative co ef ficients
at Stn N and positive coefficients at
Stn Z2. The GPP measured in vege-
tated cores during the seasonal mon-
itoring and along the leaf density gra-
dients correlated positively with the
AG biomass.
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Fig. 2. Mean + SD (n = 5 to 10) diffusive O2 uptake (DOU)
measured on each sampling date at bare (N) and vegetated
(Z2) stations between February and October 2011. Letters
refer to the results of the pairwise tests associated with
PERMANOVA regarding the effect of the factor ‘season’
at each station. *significant difference between N and Z2 

within the same season (p < 0.05)

Fig. 3. Mean + SD (n = 4 to 6) community respiration (CR) measured at bare
(N) and vegetated (Z1, Z2, Z3) stations between October 2010 and October
2011. Lowercase letters refer to the results of the pairwise tests associated
with the PERMANOVAs regarding the effect of the factor ‘season’ at each sta-
tion (N, Z1, Z2 and Z3). Uppercase letters refer to the results of the pairwise
tests associated with the PERMANOVAs regarding the effect of the factor
‘season’ at each station (N and Z2). *significant difference between N and Z2 

within the same season (p < 0.05)
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The best stepwise regression model describing the
temporal changes in CR at Stn N was obtained for
infauna and epifauna abundances. However, the cor-
responding multiple r2 was only 30% (with relative
contributions of 17 and 13% for infauna and epi-
fauna, respectively; Table 4). At Stn Z2, the best step-
wise regression model showed a multiple r2 of 89%,
with a major contribution from temperature (86.5%)
and a small contribution from epifauna biomass
(2.5%). The macrofauna parameters did not (or only

poorly, i.e. 3.5% for infauna abun-
dance in July 2011), explain the spa-
tial changes in CR measured along
the leaf cover gradient. Conversely,
the AG Z. noltei biomass strongly con-
tributed to CR models in both July
2011 and October 2010 (95.0 and
86.5%, respectively). The best step-
wise regression models for temporal
changes in GPP at Stns N and Z2
included only temperature (Table 4).
As observed for CR, the r2 was much
lower at Stn N (29%) than at Stn Z2
(69%). Changes in GPP along the leaf
density gradient during October 2010
and July 2011 were best explained
by the AG Z. noltei biomass, and the
 cor responding regression models were
not improved by adding any other
parameters.

Upscaling of benthic metabolism to the entire
intertidal area

Upscaling to the entire intertidal area of Arcachon
Bay showed that, during 2005 and 2007, CR was max-
imal in summer and minimal in winter, whereas GPP
was maximal in summer but minimal in spring
(Fig. 5). The Z. noltei meadow contributed more than
bare sediments to CR and GPP during spring,
summer and autumn. The contribution of bare sedi-
ments was high in winter. From spring to autumn, the
contributions of the Z. noltei meadow to GPP were
higher than their contributions to CR. The CR and
GPP of the surface covered by Z. noltei decreased, re-
spectively, by 42 and 51% between autumn 2005 and
autumn 2007. When computed for the entire intertidal
area during autumn, this induced a decrease in CR
and GPP from 359 ± 70 to 253 ± 36 kmol O2 h−1 and
from 390 ± 58 to 192 ± 31 kmol O2 h−1, respectively.
On an annual basis, the decline of Z. noltei meadows
by 25% between 2005 and 2007 resulted in a
decrease of 20 and 28% in CR and GPP, respectively.

DISCUSSION

Seagrass and benthic macrofauna

During the present study, we measured O2 fluxes
and seagrass and benthic macrofauna within the
same cores to generate sound correlations between
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Fig. 4. Mean + SD (4 to 6 replicates) gross primary production (GPP) meas-
ured at bare (N) and vegetated (Z1, Z2, and Z3) stations between October
2010 and October 2011. Lowercase letters refer to the results of the pairwise
tests associated with the PERMANOVAs regarding the effect of the factor
‘season’ at each station (N, Z1, Z2 and Z3). Uppercase letters refer to the
results of the pairwise tests associated with the PERMANOVAs regarding
the effect of the factor ‘season’ at each station (N and Z2). *significant 

difference between N and Z2 within the same season (p < 0.05)

n r2    Stepwise regression

CR
N 26 0.30  a + b × infauna abund. (17.0) 

     + c × epifauna abund. (13.0)

Z2 27 0.89  a + b × temp. (86.6) 
     + c × epifauna biom. (2.4)

Z1/Z2/Z3 Oct 10 13 0.95  a + b × AG biom. (95)

Z1/Z2/Z3 Jul 11 15 0.90  a + b × AG biom. (86.5) 
     + b × infauna abund. (3.5)

GPP      
N 26 0.29  a + b × temp. (29.3)

Z2 26 0.69  a + b × temp. (68.8)

Z1/Z2/Z3 Oct 10 13 0.94  a + b × AG biom. (94)

Z1/Z2/Z3 Jul 11 15 0.70  a + b × AG biom. (70)

Table 4. Main characteristics of the best models of stepwise
regression describing community respiration (CR) and gross
primary production (GPP). The percentage of additional
variance explained when a variable is added to the regres-
sion model is shown in parenthesis after the variable name.
Abund.: abundance; biom.: biomass; temp.: temperature; 

AG biom.: aboveground Zostera noltei biomass
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these 2 sets of parameters. This resulted in a possible
undersampling of both Zostera noltei and macro-
fauna. It was therefore essential to compare our
results with literature data to verify that our flux val-
ues were representative of both the seagrasses and
macrofauna present in the field, and that they ade-
quately described the spatiotemporal changes in
these characteristics and were therefore suitable for
the upscaling of O2 fluxes to the intertidal area of the
entire bay. In the case of Z. noltei, these conditions
were warranted because our sampling design was
itself stratified relative to the seagrass abundance.

Bernard et al. (2014) and G. Bernard (unpubl.) sam-
pled Stns N and Z2 for infauna and epifauna, respec-
tively, during the same dates as our study but using a
much larger sampling area. We therefore compared
our own macrofauna data with theirs. During the
present study, the infauna was dominated by the
polychaete Melinna palmata; the 4 other dominant
species were the oligochaete Tubificoides benedii, the
polychaetes Aphelochaeta marioni and Heteromastus
filiformis, and the bivalve Abra segmentum. This list
is in good agreement with Bernard et al. (2014), who
reported that M. palmata and H. filiformis contributed
most to the similarity of the infauna composition at
Stn Z2, whereas M. palmata, H. filiformis, T. benedii,
A. marioni and A. segmentum contributed most to the

similarity in infauna composition at Stn N. Similarly,
there was good agreement between the mean infauna
abundances and biomasses recorded at Stns N and Z2
during the present study and in Bernard et al. (2014).
During the present study, we collected only 18 epifau-
nal taxa versus 37 in G. Bernard (unpubl.). Neverthe-
less, the 2 dominant species in terms of abundance
(i.e. the gastropods Peringia ulvae and Bittium reticu-
latum) and the 3 dominant species in terms of biomass
(i.e. the gastropods P. ulvae, Littorina littorea and
Nassarius reticulatus) were similar between the 2
studies. Accordingly, there was a reasonable agree-
ment between the mean abundance and biomass
recorded at Stns N and Z2 during the 2 studies. Over-
all, considering there was only a small effect of macro-
fauna characteristics on both CR and GPP (see Table 4
and the discussion below), the macrofaunal data
 collected during the present study allows for sound
upscaling of CR and GPP to the entire intertidal area
of Arcachon Bay.

Spatiotemporal changes in DOU

DOU in vegetated sediments has been poorly stud-
ied to date. The present study provides the first com-
putations of diffusive O2 uptake derived from O2
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Fig. 5. Left: proportion of the intertidal area (117 km2 as a whole) colonized (Z) or not (N) by Zostera noltei during the summers
of 2005 and 2007. The spatial heterogeneity in Z. noltei cover during summer and autumn is taken into account by considering
3 different coverage classes: <25%, 25−75% and >75%. Respective surfaces (km2) are indicated in brackets. Data from Plus
et al. (2010) and Auby et al. (2011). Right: seasonal estimates of community respiration (CR) and gross primary production 

(GPP) resulting from the upscaling of our measurements to the entire intertidal bay for 2005 (top) and 2007 (bottom)
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microprofiles measured in a temperate Z. noltei
meadow. The diffusive O2 uptake measured in the
present study (0.37 to 0.93 mmol m−2 h−1; Fig. 2) was
similar to literature data collected within other shal-
low coastal unvegetated areas such as the Thau
Lagoon (Dedieu et al. 2007), the Berre Lagoon
(Rigaud et al. 2013), the Gulf of Fos (Rabouille et al.
2003), Brest Bay (Khalil et al. 2013) and Aarhus Bay
(Glud et al. 2003). There was no significant differ-
ence between the DOU in vegetated and bare sedi-
ments, suggesting that the influence of Z. noltei on
the diffusive contribution of sediment O2 exchanges
was low. Given the high hydrodynamics at the study
site (Ganthy et al. 2013), the repetition of deposition
and resuspension cycles affecting particles and asso-
ciated organic matter may homogenize the spatial
distributions of organic matter, as indicated by the
lack of consistent differences in both POC and PON
contents within bare and vegetated sediments
(Table 1). Moreover, the impact of seagrasses on O2

dynamics is often associated with O2 leakage at root
extremities within sediments, which typically repre-
sents a small contribution to DOU across the sedi-
ment− water interface (Jensen et al. 2005, Frederik-
sen & Glud 2006). In addition, O2 leakage is a process
occurring on a very small scale and can thus be easily
missed when obtaining a limited number of O2 verti-
cal microprofiles using microelectrodes. Neverthe-
less, because the O2 depth profiles were performed
only in sediments with low leaf cover, one cannot
exclude a more significant effect of Z. noltei on the
DOU in denser patches, as previously reported by
Burdige & Zimmerman (2002) in the presence of Tha-
lassia testudinum.

Spatiotemporal changes in CR

The CR values measured during the present study
were within the range of those recorded in other Z.
noltei meadows within Arcachon Bay (Table 5), in
addition to other coastal areas such as the northwest
coast of Mauritania (Clavier et al. 2014) and the west-
ern English Channel (Ouisse et al. 2011). Similarly to
what Stutes et al. (2007) suggested when studying a
patchy shoalgrass Halodule wrightii meadow in the
north central Gulf of Mexico, the present study pro-
vides several lines of evidence that CR tends to be
higher in vegetated versus bare sediments. First,
except for in February 2011, when we compared the
fluxes at Stns Z2 and N, the CR was significantly
higher (4-fold) at Stn Z2 (Fig. 3). Second, during our
2 gradient surveys (October 2010 and July 2011), we
found positive correlations between seagrass cover
and CR (Fig. 3). Third, the CR measured in Arcachon
Bay before 2005 tended to be higher than more re -
cent measurements (Table 5), which is likely related
to the global decrease of seagrass biomass that oc -
curred in 2005 (Plus et al. 2010, Auby et al. 2011), and
is thus also indirectly indicative of a positive effect of
the seagrass meadows on CR.

As mentioned in the introduction, such an effect
could be direct and/or indirect. Indirect effects can
result from the benthic macrofauna associated with
seagrasses and also known to control CR through
respiration and bioturbation. Our study provides sev-
eral lines of evidence suggesting that direct effects
are much more important than indirect ones in con-
trolling CR. First, benthic macrofauna characteristics
accounted for only 30% of temporal changes in CR at
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                                                                Benthic GPP (mmol O2 m−2 h−1)                     Benthic CR (mmol O2 m−2 h−1)            Reference
                                                          Winter     Spring     Summer    Autumn         Winter     Spring     Summer     Autumn

Benthic chamber                 Z                              8.8           14.8                                               2.5 ± 0.8   7.9 ± 1.9                       Viaroli et al. 
(around noon)                                                                                                                                                                                       (1996)

Core incubation                   Z             9.5           40.1                             28.5             3.6 ± 1   10.5 ± 1.0                           ≈9         Welsh et al. 
(ex situ, natural light)                                                                                                                                                                          (2000)

Benthic chamber                 N             5.3                                                                      3.4            3.1                                               Deborde 
                                              Z             2.8           1.6                                                     1.9            3.1                                               (2007)

Eddy covariance             Z (22%)                                                      15.8 ± 14.8                                                          9.7 ± 13.3   Polsenaere et 
                                        Z (90%)                                     9.5 ± 5.4    4.0 ± 7.2                                        3.6 ± 3.20. 8 ± 4.0     al. (2012)

Core incubation                   N         2.5 ± 0.9   0.2 ± 0.1   0.8 ± 0.0    0 ± 0.1        1.2 ± 0.2   1.2 ± 0.2   1.7 ± 0.2     1.1 ± 0.2     This study
(ex situ, artificial light)       Z1                                          3.4 ± 0.8    0.6 ± 0.6                                           3.2 ± 0.5     1.8 ± 0.3     
                                            Z2       0.5 ± 0.3   1.7 ± 0.7   4.8 ± 0.5    2.9 ± 1.7        0.8 ± 0.1   3.5 ± 0.6   5.8 ± 0.8     3.0 ± 0.9     
                                            Z3                                          6.0 ± 1.2    8.8 ± 1.4                                           6.7 ± 0.9     5.9 ± 1.7

Table 5. Benthic metabolic fluxes (mean ± SD) of tidal flats colonized (Z) or not (N) by Zostera noltei (% coverage by Z. noltei) in Arcachon
Bay. CO2 fluxes measured by eddy covariance at low tide were converted into O2 fluxes assuming a molar ratio of 1:1. GPP: gross primary 

production; CR: community respiration
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Stn N, which suggests that, even in the absence of
seagrasses, benthic macrofauna only loosely control
CR. Second, the proportions of the explained spa-
tial/temporal variances in CR were always much
higher (i.e. >89%) when seagrasses were present.
Third, considering the seasonal changes at Stn Z2,
temperature was the parameter best correlated with
CR (Table 5), as previously observed by Plus et al.
(2001) and Ouisse et al. (2010). This suggests that any
co-correlation effect is likely to involve quantitative
seagrass characteristics and temperature rather than
quantitative seagrass and benthic macrofauna char-
acteristics. Indeed, the AG Z. noltei biomass posi-
tively correlated with temperature (Table 4), as pre-
viously reported for other temperate seagrasses (e.g.
Marbà et al. 1996). Fourth, considering only spatial
changes in CR along the seagrass cover gradient in
October 2010 and July 2011, the AG Zostera biomass
clearly contributed the most to the description of
those changes (95 and 90%, respectively), whereas
infauna abundance was the only macrofauna charac-
teristic included (only in July 2011 and representing
only 3.5%).

In bare sediments, the CR was twice as large as
the DOU, indicating that approximately half of the
O2 uptake was due to biotic processes mainly cued
by the activities of benthic macrofauna (Figs. 1 &
2). In spite of this potential control, temporal
changes in infauna and epifauna abundances
accounted for only 30% of the temporal changes in
CR. However, it should be noted that this last result
does not necessarily imply a lack of control of CR
by the macrofauna parameters. The ranges of vari-
ations of macrofauna characteristics (Table 2; and
as previously observed by Bachelet et al. 2000 in
Arcachon Bay) and CR (Fig. 3) were indeed limited.
Therefore, one cannot ex clude the possibility that
the (limited) changes recorded during the present
study were mainly (i.e. for 70%) cued by factors
other than the quantitative characteristics of benthic
macrofauna, whereas the main component of CR
was conversely largely seasonally invariant (and
yet possibly cued by quantitative macrofauna
 characteristics).

Spatiotemporal changes in GPP

As observed for CR, the GPP values measured dur-
ing the present study were within the range of those
recorded in other Z. noltei meadows and within
Arcachon Bay after 2005 (Table 5), when seagrass
biomass was in the same low range as during the

present study due to its global decline. Our data pro-
vide the same lines of evidence as for CR, indicating
that GPP tends to be higher in vegetated versus bare
sediments: higher GPP at Stn Z2 than at Stn N for 4 of
the 5 sampling dates (Fig. 4); and positive correla-
tions between seagrass cover and GPP during both
gradient surveys (October 2010 and July 2011;
Fig. 4). This is also in good agreement with a previ-
ous study performed in a patchy shoalgrass H.
wrightii meadow of the north central Gulf of Mexico
(Stutes et al. 2007). Similar to CR, our results strongly
support a direct effect of seagrasses on GPP because:
(1) the proportions of the explained spatial/temporal
variances of GPP were always much higher (i.e.
>69%) when seagrasses were present; (2) consider-
ing seasonal changes at Stn Z2, temperature corre-
lated best with GPP, possibly partly due to co-corre-
lation with quantitative seagrass characteristics
(Table 5); and (3) in October 2010 and July 2011, the
AG Z. noltei biomass was clearly contributing most
(i.e. for 94 and 70%, respectively; Table 5) to the
description of changes in GPP along the seagrass
cover gradients. Overall, our results suggest that Z.
noltei was the main primary producer in the studied
meadow (Table 4), which is in good agreement with
the fact that no significant amounts of epiphytes
were visually observed during the study period, even
though these organisms have been shown to signifi-
cantly contribute to community production in other
Z. noltei meadows (Ouisse et al. 2010).

The GPP measured at Stn N, particularly the maxi-
mum value measured in February 2011, was likely
supported by microphytobenthos, although our data
provide no evidence regarding the nature of the pri-
mary producer(s). This biological compartment is
indeed known to play a key role in controlling the
benthic metabolism of intertidal mudflats within the
Arcachon Bay (Delgard et al. 2012, Polsenaere et al.
2012) as well as in other coastal systems (e.g. Guarini
et al. 1997, Bartoli et al. 2003, Spilmont et al. 2006).
Winter maxima in the concentration of chl a in sur-
face sediments have been reported in many coastal
areas (e.g. Magni & Montani 1997, Montani et al.
2003, Koh et al. 2007). To our knowledge, there has
been no specific study on the seasonal dynamics
of microphytobenthos in Arcachon Bay. However,
Glé et al. (2007) observed recurring phytoplankton
blooms in February, suggesting that anticyclonic
weather conditions in winter may initiate winter
blooms when incident irradiance reaches a threshold
value. Such favorable light conditions could benefit
the microphytobenthos as well, especially when
grazing pressure is low (Koh et al. 2007).
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Effect of Z. noltei on temporal changes in the
benthic metabolism of Arcachon Bay

The metabolic rates measured during the present
study were assessed ex situ under constant immer-
sion and with a light intensity representative of mean
in situ irradiances under immersed conditions. How-
ever, it is well established that the benthic metabo-
lism of intertidal flats varies with the light and tidal
conditions. The tidal variation of benthic metabolism
has been previously described within 2 other Z.
noltei meadows located in tropical (Clavier et al.
2011, Clavier et al. 2014) and temperate areas
(Ouisse et al. 2011). These 3 studies recorded CR and
GPP that were at least 3-fold higher during immer-
sion than during emersion. A higher CR rate during
immersion has also been reported in bare temperate
mudflats (Cook et al. 2004, Migné et al. 2009). The
effect of light on the photosynthetic rate has been
described for several temperate Z. noltei meadows,
demonstrating a saturation effect at various irradi-
ance levels. For instance, Plus et al. (2005) estimated
that the photosynthesis rates measured in a Z. noltei
meadow of a Mediterranean coastal lagoon reached
saturation at irradiances varying from 174 to 305 µmol
photons m−2 s−1 under immersion. In bare sediments,
microalgal primary production is negatively affected
by high irradiance levels under emerged conditions
(Serôdio et al. 2008).

Our experimental plan was set to isolate the effects
of seasonal changes in temperature, and both sea-
sonal and spatial changes in seagrass cover. Con-
versely, it did not account for temporal changes in
light intensity, temporal changes in tidal conditions
and spatiotemporal changes in bathymetry, which
also contribute to controlling emersion/immersion
cycles. Regarding this last point, the study site was
located mid-distance from the Leyre River and the
ocean at a medium bathymetry level relative to the
whole intertidal area of the bay. It may therefore be
considered representative of mean bathymetrical
conditions and also mean tidal conditions. Indeed, Z.
noltei meadows are typically found in the intertidal
areas of Arcachon Bay with daily emersion periods of
between 3 and 15.5 h (Auby 1991), whereas the stud-
ied flat was exposed for 6 h d−1. Shallower areas with
longer emersion times are more likely to be exposed
to extreme temperatures that can negatively affect Z.
noltei metabolism (Massa et al. 2009). The interpreta-
tion of our upscaling could also be limited by the spa-
tial heterogeneity of sedimentary organics. But
Dubois et al. (2012) recently demonstrated that sedi-
mented POM tends to be homogeneously spatially

distributed in Arcachon Bay due to the strong hydro-
dynamics and shallow depth. Nevertheless, the
above- mentioned limitations restrict the significance
of the upscaling of our results to the whole intertidal
area of the bay. We thus limit the hereafter discussion
to the assessment of the contribution of the Z. noltei
meadow to seasonal changes in the benthic metabo-
lism of the whole bay, and the changes in this metab-
olism between 2005 and 2007.

In 2005 and 2007, the Z. noltei meadow occupied
52% (i.e. 60.8 km2) and 39% (i.e. 45.7 km2), respec-
tively, of the intertidal area of Arcachon Bay (Fig. 5).
Our study clearly indicates higher contributions from
the Z. noltei meadow than from bare sediments to CR
and GPP (>64 and >79%, respectively; Fig. 5) during
spring, summer and autumn but not during winter
(<43% for CR and <17% for GPP). Our hypothesis is
that the benthic primary production supported by the
microphytobenthos probably helped maintain high
photosynthetic activity during winter in bare sedi-
ments while the seagrass contribution was much
lower. However, this trend may change from year to
year due to the typical occurrence of strong inter-
annual changes in the benthic metabolism of coastal
bare sediments (e.g. Eyre & Ferguson 2005).

This study shows that seasonal changes in the ben-
thic metabolism of the whole intertidal area of Arca-
chon Bay were only poorly explained by the studied
environmental variables in bare sediments, but were
strongly correlated with temperature in the presence
of Z. noltei. Additional studies are thus necessary to
better assess how the environmental factors affect
the variability of benthic metabolic rates estimated in
the present work. Overall, our study suggests that
the characteristics of the benthic macrofauna living
within a seagrass meadow would only weakly affect
the seasonal changes of benthic metabolism. The use
of the leaf cover gradient allowed a first estimation of
the contribution of Z. noltei meadows to the benthic
metabolism of the whole intertidal area of Arcachon
Bay. Spatial changes in both GPP and CR were rather
high and were mainly driven by the AG Z. noltei bio-
mass. This implies that the leaf cover variable can be
a key driver of the spatial variability of the benthic
metabolism in coastal bays. The present work also
highlights the global decline in benthic metabolism
between 2005 and 2007 in the intertidal area of Arca-
chon Bay, resulting from the 25% decline in the Z.
noltei cover during the same period (Fig. 5). Our
results are similar to those reported by 2 previous
studies performed in threatened seagrass meadows,
where both GPP and CR were negatively affected by
the decrease of seagrass biomass and density (Stutes
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et al. 2007, Antón et al. 2011). Interestingly, the pres-
ent work points out a marked seasonality in the mag-
nitude of the decline in benthic metabolism in rela-
tion to the seasonal dynamics of Z. noltei. In the
context of the worldwide decline of seagrasses, this
study emphasizes that the spatial heterogeneity and
seasonal changes of threatened meadows should be
carefully considered and incorporated into the global
carbon budget of seagrass meadows (Duarte et al.
2010, Kennedy et al. 2010, Duarte et al. 2013).
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Appendix 1. List of the epifaunal and infaunal species 
identified during the present study

Epifauna                                    Infauna
                                                  
Ampithoe rubricata                  Abra segmentum
Anthozoa sp.                             Abra tenuis
Bittium reticulatum                  Ampelisca brevicornis
Carcinus maenas                      Aphelochaeta marioni
Crangon crangon                     Arabella iricolor
Diastylis sp.                               Cerastoderma edule
Gibbula umbilicalis                  Clymenura clypeata
Hippolyte longirostris              Corophium volutator
Idotea chelipes                         Cyathura carinata
Leptochiton asellus                  Diopatra sp.
Littorina littorea                        Dolichopodidae sp.
Musculista senhousia               Eurydice affinis
Mysida sp.                                 Glycera convoluta
Mytilus edulis                           Glycera sp.
Nassarius reticulatus                Haminea navicula
Peringia ulvae                          Heteromastus filiformis
Rissoa membranacea               Loripes lacteus
Siphonoecoes sabatieri            Maldanidae sp.
                                                  Mediomastus fragilis
                                                  Melinna palmata
                                                  Microdeutopus chelifer
                                                  Nemertinea sp.
                                                  Nephtys hombergii
                                                  Notomastus latericeus
                                                  Phyllodoce mucosa
                                                  Pinnotheres pisum
                                                  Pseudopolydora antennata
                                                  Pseudopolydora pulchra
                                                  Pygospio elegans
                                                  Ruditapes decussatus
                                                  Ruditapes philippinarum
                                                  Scrobicularia plana
                                                  Streblospio shrubsolii
                                                  Tubificoides benedii
                                                  Tubularius polymorphus
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