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ABSTRACT: Benthic primary production and respiration were investigated at 4 sites representa-
tive of the major coastal communities bordering the Sahara Desert in the Banc d'Arguin, Maurita-
nia, Western Africa. These sites correspond to intertidal Zostera noltii beds (270 km?), intertidal
bare sediments (88 km?), subtidal Cymodocea nodosa beds (374 km?), and subtidal bare sediments
(311 km?). At each site, production—irradiance relationships were established in situ in November
2008 and January 2010, and used to calculate daily carbon fluxes for these communities. In inter-
tidal areas, compared to emersion, the gross maximal photosynthetic rates for Z. noltii bed and
bare sediment communities were on average 8- and 7-fold higher during immersion, respectively;
community respiration rates were 3- and 18-fold higher during immersion, respectively. The
Z. noltii bed was autotrophic during the 2 study periods, with a mean (+95 % probability limit)
daily net community production of 71.3 + 58.6 mmol C m™2 d~!. Conversely, net community
production was always negative in intertidal regions and subtidal bare sediments (average —7.3
46.7 mmol C m™2 d™! and -47.0 = 38.9 mmol C m™2 d7!, respectively); the C. nodosa bed was
negative in November (-96.2 + 85.1 mmol C m™2 d™!) and positive in January (33.4 + 82.6 mmol
C m™2 d7!). Community respiration was highest in subtidal communities, indicating active miner-
alization of organic matter and demonstrating that Z. noltii beds are likely to increase the bio-
logical richness of the Banc d'Arguin by exporting energy. Our results confirm the ecological
importance of seagrass beds in the net coastal carbon fluxes and justify their protection.

KEY WORDS: Seagrass - Carbon metabolism - Intertidal - Subtidal - Respiration - Primary
production - Western Africa
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INTRODUCTION major, and economically significant, role in marine

fisheries by providing nursery and feeding grounds

Coastal areas are among the most productive mar- (Worm et al. 2006, Martinez et al. 2007). Near-shore
ine ecosystems in the world (Solan et al. 2004, Way- marine ecosystems are subject to various environ-

cott et al. 2009, Bierman et al. 2011), and play a mental conditions (Cloern & Jassby 2008) that lead to
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a mosaic of habitats, which has been reported to
enhance biodiversity (Matias et al. 2010). However,
they are also vulnerable to human-induced distur-
bances that, conversely, contribute to the loss of
marine biodiversity; these ecosystems would benefit
from conservation measures (Jackson 2008), such as
establishing protected areas. One of the goals for
marine protected areas is the conservation of com-
mercially valuable or socially important species, like
fishes and birds (Robinson 2011), that often depend
on the amount of organic matter present in the eco-
system. A reasonable estimate of the production of
major communities and an analysis of control factors
are, therefore, required for determining the ecologi-
cal condition of coastal zones and marine protected
areas (Jones 2001).

The Banc d'Arguin is a coastal ecosystem located
in Mauritania, on the Atlantic coast of Africa (see
Fig. 1). In this region bordering the Sahara Desert,
rainfall is very low and there is no estuary. The total
area of the Banc d'Arguin National Park, created in
1976, is 12 000 km?, with approximately equal contri-
butions from terrestrial and marine environments.
The latter is characterized by extensive intertidal and
shallow-water zones that are mostly covered with
seagrass beds (Wolff & Smit 1990), which are partic-
ularly widespread in the vicinity of Tidra Island (see
Fig. 1). The high biological productivity in the coastal
waters of this national park is consistent with the
presence of more than 2 million migratory and nest-
ing shorebirds (Wolff & Smit 1990, Wolff et al. 19934,
Wolff & Michaelis 2008), and with its role as a nur-
sery for numerous marine species, including fishery
resources (Jager 1993, Schaffmeister et al. 2006).

In the intertidal and shallow-water ecosystems of
the Banc d'Arguin, global phytoplanktonic biomass
and production are considered to be lower than those
of the upwelling zone (Sevrin-Reyssac 1993), even
though recent remote-sensing data suggest more
eutrophic conditions (Michel et al. 2011). Therefore,
benthic communities are likely the major contribu-
tors to organic carbon fluxes (Wolff et al. 1993b). The
production of benthic communities has already been
investigated in this area (De Jong et al. 1991, van
Lent et al. 1991, Vermaat et al. 1993), and Hemminga
& Nieuwenhuize (1991) estimated that the export of
organic material from intertidal seagrass beds is low,
since most of senescent leaves are trapped in sea-
grass beds. Based largely on these data, a first com-
prehensive overview of the functioning of the Banc
d'Arguin ecosystem was established by Wolff et al.
(1993b). Twenty years after these studies, an ap-
proach encompassing the benthic productivity of

vegetated and unvegetated areas, considering both
intertidal and subtidal zones, is still needed to evalu-
ate the energetic status of tidal flats and shallow
inshore waters in the Banc d'Arguin National Park
area. It is, thus, particularly important to determine
whether net community production (NCP) is positive,
indicating an autotrophic system that is likely to
export energy to neighboring areas (Clavier & Gar-
rigue 1999, Geertz-Hansen et al. 2011).

To address these issues, we used in situ benthic
chamber incubations to estimate NCP and to derive
community respiration (CR) and gross community
production (GCP) in the major intertidal and subtidal
benthic communities of the Banc d'Arguin. The ben-
thic chamber method has been extensively used in
recent decades to study solute fluxes through the
sediment-water interface in deep sea, continental
shelf, and coastal environments (Viollier et al. 2003).
More recently, measurements of gaseous exchanges
at the soil-air interface in benthic chambers, which
were originally developed on land (Parker et al.
2013), have been applied to the intertidal zone at the
community scale (Migné et al. 2002). These tech-
niques allow primary production and respiration
rates to be estimated from direct or indirect measure-
ments of carbon fluxes. However, few studies have
attempted to estimate metabolic fluxes both during
emersion and submersion of intertidal ecosystems
(Alongi et al. 1999, Gribsholt & Kristensen 2003,
Cook et al. 2004, Silva et al. 2005, Ouisse et al. 2011,
Faber et al. 2012); their results did not show a clear
influence of emersion on benthic metabolism, al-
though this knowledge is crucial for estimating the
daily carbon production of benthic intertidal com-
munities. In the present paper, we establish carbon
production-irradiance curves during emersion and
immersion at stations representative of the major
intertidal benthic communities of the shallow parts of
the Banc d'Arguin, to estimate the daily carbon
budget during the studied periods. The results are
compared to subtidal communities to assess the im-
portance of the large intertidal seagrass beds and to
contribute to understanding of the ecological func-
tioning of the shallow areas of the Banc d'Arguin.

MATERIALS AND METHODS
Study sites
This study was conducted in the southern part of the

Banc d'Arguin, Mauritania (Fig. 1) where the tidal
range is ~2.5 m during spring tides (Wijnsma et al.
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Fig. 1. Location of the 4 sampling sites in the Banc d'Arguin

(Western Africa). 1: intertidal Zostera noltii bed; 2: intertidal

bare sediment; 3: subtidal Cymodocea nodosa bed; 4: sub-
tidal bare sediment

1999). We established the relative extent of benthic
communities using remote sensing and extensive
field validation. The area covered by the different
benthic communities, from the intertidal zones to a
depth of ~5 m, was estimated from the analysis of
SPOT images taken in 2002. A series of 850 field sur-
veys were performed to ground-truth the benthic as-
semblages. Over a total investigated area of 1114 km?,
intertidal areas were dominated by Zostera noltii
Hornem. beds interspersed with comparatively rare
Halodule wrightii Aschers. beds (24 % of the total
area), together with bare sediment (8 %) mainly com-
posed of fine sand. Cymodocea nodosa (Ucria) Asch-
ers. beds (34 %) and bare sediment (28 %) also domi-
nated by fine sand made up the bulk of the subtidal
benthic habitats. Miscellaneous benthic habitats, cor-
responding to subtidal algal beds, high-shore inter-
tidal halophytes, and intertidal and subtidal muddy
and rocky areas, were of minor relative importance
(6% of the total area). Supratidal hypersaline areas
(sebkhas) were not considered in this study.

To estimate the benthic carbon production of these
shallow coastal areas, we established NCP/irradi-
ance (P vs. E) relationships for the 4 major benthic

communities listed above (1043 km? comprising
94 % of the investigated area). P vs. E curves were
established near Iwik village (Fig. 1) on Novem-
ber 1-12, 2008 and January 21-31, 2010. NCP was
assessed at 4 sites underwater, and during emersion
of the 2 intertidal communities. Zostera noltii bed
metabolism was studied near Zira Island, in a place
where seagrass abundance is representative of most
of the studied area (Clavier et al. 2011, Folmer et al.
2012). Intertidal bare-sediment NCP was measured
on a site without macrophytes. Both intertidal sta-
tions were located around mid-tide level, in the mid-
dle of the Z. noltii distribution range. The depth of
the subtidal Cymodocea nodosa bed studied near
Zira Island was also in the middle of the species
distribution range, and the site of the subtidal bare
sediment survey was located in a channel.

Field measurements

CO, fluxes during emersion and dissolved inorga-
nic carbon (DIC) fluxes underwater were measured
using benthic chambers covering 0.2 m? (Fig. 2).
Three replicate vinyl polychloride rings were inser-
ted into the sediment at locations chosen to encom-
pass the local variation in seagrass biomass, and ran-
domly on bare-sand areas. Hemispheres were fixed
tightly to the bases to trap a known volume of ~50 1,
varying according to the depth of ring insertion into
the substrate. To establish P vs. E relationships, clear
chambers were used to assess NCP at various irradi-
ance levels, including night conditions in emersion or
under opaque domes in submersion. The experimen-
tal equipment was assembled by divers, even on
intertidal sites during high tide, to minimize the
effects of trampling the very soft substrate. Measure-
ments at each sampling site were performed at the
same location.

At intertidal sampling sites, CO, measurements
were carried out during emersion, after gently drain-
ing the bases of retained water to match the sur-
rounding area. The domes were secured and the iso-
lated volume of air was stirred for homogenization
using a small battery-operated fan (Fig. 2A). CO,
concentration was measured in a closed circuit (Mig-
né et al. 2002) connected to a calibrated infrared gas
analyzer (Li-820, LI-COR) in which air circulation
was forced at a rate of ~1 1 min~! by an adjustable
pump (TD22N, Brailsford). A desiccation column
filled with anhydrous calcium sulfate (Drierite) was
placed at the gas entry into the analyzer. The CO,
concentration (ppm = pmol CO, mol air™!) was dis-
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Fig. 2. Schematic representation of the apparatus used to
measure benthic metabolism at the sediment-water inter-
face during (A) emersion and (B) immersion. 1: laptop com-
puter; 2: infrared gas analyzer; 3: desiccant; 4: air pump and
flowmeter; 5: hose connection; 6: dome; 7: battery-operated
fan; 8: vinyl polychloride base; 9: water flowmeter; 10: 12V
battery; 11: submersible water pump; 12: multiparameter
probe

played on a laptop computer, and successively re-
corded at 5 s intervals for 3 min in the 3 enclosures.
This short incubation time limits temperature in-
creases in the enclosures to less than 1.0°C. NCP dur-
ing emersion (mmol m~2 h~!) was calculated using the
equation:

NCP = ACO, x v (1)

SAt

where ACO, is the change in CO, concentration dur-
ing the incubation (ppm), V is the chamber volume
(1), s is the enclosed surface area (m?) and At is the
incubation time (h).

DIC flux at the sediment-water interface was esti-
mated underwater. In each chamber, the enclosed
water was continuously stirred for homogenization
using an adjustable submersible pump at 2 1 min?,
connected to a battery in a waterproof container
(Fig. 2B). The dome was removed for at least 20 min
between successive series of measurements to res-
tore ambient conditions. Oxygen, temperature, salin-
ity, and depth were recorded every minute with a
multiparameter probe (YSI 6920). The regularity of

oxygen concentration (mg 17!) as a function of time
(min) was used to verify the proper functioning of the
system. Seawater samples were collected using
500 ml polyethylene syringes from each chamber at
the beginning and end of incubations. pH (total scale,
mol kg seawater™!) was measured within 15 min using
a pH meter (Radiometer PH 240) standardized with
2-amino-2-hydroxymethyl-1, 3-propanediol hydro-
chloride and 2-amminopyridine/HCI buffer solutions
in synthetic sea water at a salinity of 35 (Dickson et
al. 2007) and corrected for temperature and salinity.
Samples for total alkalinity (TA) measurements were
filtered through Whatman GF/F filters, poisoned with
HgCl,, and stored in the dark. To measure TA, Gran
titrations were performed on 20 ml subsamples
(6 replicates) by the automatic potentiometric me-
thod (Radiometer TIM 865) with a 0.01 mol 1"' HC1
solution (Titrisol, Merck). Phosphate and silicate in
ambient water were measured once at each sampling
date and concentrations were determined according
to Aminot & Kérouel (2004) using an AutoAnalyser.
DIC concentrations (mmol 1) were calculated from
pH, TA, phosphate and silicate concentrations, tem-
perature, and salinity using the CO2SYS program
(Pierrot et al. 2006). NCP during immersion (mmol
m~2h™!) was calculated as the difference between the
final and initial concentrations in DIC according to
the following equations:

NCP = ADIC x v _ CG 2)
SAt

CG = ATA x

25 At 3)
where ADIC is the change in DIC concentration dur-
ing the incubation (mmol 1Y), V is the chamber vol-
ume (1), s is the enclosed surface area (m?), At is the
incubation time (h), CG is the estimated net commu-
nity calcification (mmol CaCO; m~ h™!), and ATA is
the change in TA (mmol 17!). Both in emersion and in
immersion, we assumed that NCP at night or under a
dark dome corresponds to CR (mmol C m~2 h™!). GCP
is the sum of the absolute values of NCP and CR.

Environmental parameters

Photosynthetically active radiation (PAR, 400-
700 nm) irradiance in the air (pmol photons m=2 s7!)
and shade air temperature (°C) were recorded every
minute from sunrise to sunset, using a quantum sen-
sor (LI-192SA, LI-COR) calibrated for in-air operation

and an air temperature sensor (LI-1400-101, LI-COR),
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respectively, connected to a LI-1400 data logger.
Underwater PAR (pmol photons m™2 s7!) was also
measured every minute during underwater experi-
ments using the same quantum sensor, calibrated for
in-water operation and connected to a LI-1400 data
logger in a watertight case. Underwater PAR was
measured level to the top of the leaves in seagrass
beds and near the sediment in bare sandy bottoms.
Sediment subsurface (first centimeter) temperature
was recorded every 15 min on a HOBO U12-015 data
logger.

In addition, air hygrometry (%) was recorded near
the shore 50 cm above the ground and 5 cm above
the sediment during low-tide incubations using a
hand-held thermo-hygrometer (Luft E200IR). At the
end of the experiments, seagrass total living biomass
(leaves, rhizomes, and roots) was collected in each
enclosure. The plant material was cleaned and dried
at 60°C for 48 h in the laboratory to obtain dry weight
(g m™?), and the ash-free dry weight (AFDW, g m™)
was calculated after combustion at 450°C for 4 h.
Sediment was sampled at each station by 3 randomly
positioned 2.5 cm? cores, and kept frozen at —20°C
until analysis. Amounts of photosynthetic pigments
(mg m~2) were estimated after acetone extraction of
the top centimeter for 24 h at 5°C. After filtration of
the extract, optical densities were measured on a
spectrophotometer at 750 nm and 665 nm. Amounts
of chlorophyll a (chl a) and phaeopigments were
calculated as described by Lorenzen (1967). We res-
tricted our analysis to sediment chl a and phaeo-
pigments content because sediment phytopigments
have already been the subject of a comprehensive
study in the same area by Honkoop et al. (2008). Pig-
ment content of sediment was only assessed in Janu-
ary because a power failure prevented the mainte-
nance of samples frozen in November. Sediment
granulometry was determined using a graded series
of standard sieves suited to the intervals of the Went-
worth (1922) scale. Mean grain size (Folk & Ward
1957) and silt and clay (size fraction <0.063 mm) per-
centages were calculated.

Data analysis, P vs. E curves

For each sampling site and period, a Michaelis-
Menten model (Lederman & Tett 1981, Vermaat
2009) was iteratively fitted using non-linear regres-
sion (Gauss-Newton algorithm) to NCP during sub-
mersion and emersion versus in situ PAR irradiance
(E, mmol photons m~2 h™1), according to the following
equation:

= e - CR 4)

where P, is the gross maximal production rate
(mmol C m~? h™!) and K, is the half saturation con-
stant (mmol photons m~2 h™1).

Data analysis, daily community metabolism

Daily community production and respiration rates
were determined for each sampling site and period
from P vs. E curves established during emersion and
immersion. Aerial irradiance was measured every
minute over 12 d in November 2008 and 11 d in Jan-
uary 2010. Average underwater irradiance (E,, pmol
photons m~? s7') was calculated every minute at each
subtidal sampling site and during the submersion of
intertidal sites according to:

E, = Eje '™ )

Kk n (logEz. - logEO.)

PAR — z =0

where E, is the measured aerial irradiance (pmol
photons m™2 s7!), kp,g is the downwelling irradiance
attenuation coefficient for the whole PAR waveband
(m™!) for each site, z (m) is the depth corrected from
tidal effects, Ey- and E,. (pumol photons m™s™') are the
recorded aerial and underwater irradiance at depth z,
respectively, and n is the number of simultaneous
records of irradiance in the air and underwater.

As no reliable tide table exists for the eastern part
of the Banc d'Arguin, a harmonic tidal analysis with
nodal corrections was performed for the time series
sea-surface height that we established at Iwik from
October 5, 2009 to January 8, 2010, using the T_Tide
package (Pawlowicz et al. 2002). To be always
immersed, a depth gauge (YSI 600 XL) was placed
near the tidal level where the Cymodocea nodosa
bed was studied (Gauge 1). From 59 analyzed tidal
constituents, 22 constituents were significant at 95 %
confidence according to linear analysis. The tide is
semidiurnal; the amplitudes of tidal heights are
78 cm and 24 cm for the tidal harmonics M2 and S2,
respectively, and 8 cm and 4 cm for K1 and O1,
respectively. From this analysis, tidal heights relative
to the Gauge 1 level were calculated every minute
during the 2 sampling periods. In the absence of an
absolute reference depth, we set the working 0 m
tidal level to the Zostera noltii lower distribution limit
near Iwik village, where a second identical depth
gauge was deployed to calculate the depth differ-

(6)

nz
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ence with Gauge 1. Tidal depth relative to this refer-
ence was calculated by the model.

NCP, GCP, and CR were calculated from the input
parameters Py, K, CR, and E. The error associated
with the model corresponded to the standard devia-
tion of the replicate estimates around the mean
(Pemberton et al. 2006). E during immersion was cal-
culated with an error associated with kpar, whereas E
recorded during aerial exposure of intertidal stations
was taken as exact with no statistical uncertainty.
First, average NCP, GCP, and CR values were calcu-
lated every minute and a set of 100 randomly gener-
ated values of the input parameters, with an assumed
normal distribution, was used to estimate their uncer-
tainty by a Monte-Carlo method. NCP, GCP, and CR
daily estimates and their 95% confidence intervals
were then calculated by integrating the values over
24 h and multiplying the errors by 1.96 (Pemberton et
al. 2006). As P vs. E relationships were only assessed
for 2 seasons, the correlation between P, ., and K,
was not considered, leading to an underestimation of
errors. Daily average values were calculated for each
sampling period (12 d in November 2008 and 11 d in
January 2010). We use the following sign conven-
tions for all carbon exchanges: for NCP, positive val-
ues correspond to an uptake of CO, or DIC by the
community; for CR, positive values correspond to a
release of CO, or DIC to the atmosphere or the sea;
and for GCP, positive values correspond to an uptake
of CO, or DIC from the atmosphere or the sea.

Statistical analysis

Mann-Whitney tests were used to compare down-
welling irradiance attenuation coefficients (kpag)
between seasons and sites, and seagrass biomasses
between seasons. Comparison of non-linear model
parameters across different data sets was performed
using ANOVA, according to Ritz & Streibig (2008).
All data processing was performed using R statistical
software (R Development Core Team 2012).

RESULTS
Environmental and biological characteristics

Average temperature varied with season but was
similar in the air and in sea water, both in November
2008 (22.5 + 4.2°C [mean * SD] in the air and 22.8 +
0.9°C in seawater) and in January 2010 (19.2 + 4.5°C
in the air and 19.6 + 0.3°C in seawater). The daily

variation in air temperature was 14.1°C in November
and 17.9°C in January. High daily temperature varia-
tion was also observed at the surface of emerged
intertidal sediment (range 11.2-33.0°C in January
2010). The daily temperature of seawater was nearly
constant, and variation was much less important in
subtidal areas (3.2°C in November 2008 and 3.1°C in
January 2010). kpsr differed significantly between
seasons but not between sites (Mann-Whitney tests).
The average kpar was higher in November (0.53 =
0.12 m™!) than in January (0.39 + 0.10 m™'). Average
wind speed was 5.9 m s™' in November 2008 and
5.1 m s7! in February 2010.

The mean dissolved oxygen concentration was in
equilibrium with the atmosphere, both in November
(217 pM, 99 % air saturation) and in January (229 pM,
100 % air saturation). Daily fluctuations were low in
channel areas (173-238 pM in November and
201-257 pM in January), but higher in Cymodocea
nodosa beds where hypoxia (60 n1M, 28 % air satura-
tion) was observed in November at the end of the
night (04:15 h) and high oxygen concentrations
(357 uM, 175% air saturation with bubbles on sea-
grass leaves) occurred in the afternoon (16:15 h).
Variations in oxygen concentration were lower at the
same site in January (185-321 pM). The absence of
significant rainfall combined with high evaporation
led to high salinity (average 41.6 in November and
40.3 in January), with daily fluctuations of ~0.8 dur-
ing both seasons. The highest salinities were ob-
served at low tide, and the lowest values during high
tide. Relative air hygrometry was low both in Novem-
ber (47.8 + 9.6 %) and in January (34.5 £ 6.5%). The
daily pattern of irradiance (PAR) was always very
regular, with a maximum value at solar noon that was
slightly lower in November (2092 + 88 pm photons
m~2 s7!) than in January (2296 + 125 pm photons m~
s7!) due to a higher load of atmospheric dust.

The studied stations differed in depth, sediment
granulometry, and pigment (Table 1). The global bio-
masses of Zostera noltii (223 + 26 g AFDW m™ in
November, and 212 + 30 g AFDW m™2 in January)
and Cymodocea nodosa (272 = 26 g AFDW m™2 in
November, and 257 + 24 g AFDW m2inJ anuary) did
not differ significantly between the 2 seasons (Mann-
Whitney test, p > 0.05) for each seagrass bed, but
C. nodosa biomass was always significantly higher
than Z. noltii biomass (Mann-Whitney test, p < 0.05).
Unlike Z. noltiileaves, which were barely covered by
periphyton, C. nodosa leaves were more damaged
and covered with periphyton in January than in
November. The AFDW/dry weight biomass ratio was
0.46 for Z. noltii and 0.59 for C. nodosa whole shoots.
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Table 1. Characteristics of the sampling sites. Depths are relative to the lower limit of the Zostera noltii beds. Photosynthetic
pigment concentration corresponds to the top centimeter of sediments. Chl a values were measured only in January. SD:
standard deviation

Benthic community Depth % silt Mean grain Chl a Phaeopig- Chl a %
(m) and size (pm) (SD) ments (SD)
clay (sediment type) (mg m™2) (mg m~?)
Zostera noltii bed +0.9 40.8 132.6 (fine sand) 72.3 (16.9) 72.9 (32.4) 50
Intertidal bare sediment +0.9 17.6 169.8 (fine sand) 28.7 (5.8) 18.1 (0.7) 61
Cymodocea nodosa bed -0.7 37.6 148.6 (fine sand) 45.7 (7.1) 88.8 (4.5) 34
Subtidal bare sediment -2.1 12.5 311.0 (medium sand) 47.1 (11.6) 56.5 (4.9) 45
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Fig. 3. Relationships between irradiance and net community production (NCP) of a subtidal bare-sediment community (SBS),
a Cymodocea nodosa bed (CN), a Zostera noltii bed during submersion (ZNy.,) and emersion (ZN,;), and an intertidal
bare-sediment community during submersion (IBS,,.;) and emersion (IBS,;;), in November 2008 and January 2010

Comparison of Pvs. E relationships

In intertidal areas, P vs. E relationships were al-
ways very different during immersion and emersion
(Fig. 3), with significantly higher values (ANOVA,
p < 0.01) underwater (Table 2). Only the P, of the

immersed Zostera noltii bed differed significantly
between seasons (ANOVA, p < 0.05), with lower
values in January, whereas all Michaelis-Menten
model parameters differed during emersion (ANOVA,
p < 0.05) with lower values in January. P vs. E
parameters for the intertidal bare-sediment commu-
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nity were comparatively low and did not vary signif-
icantly between seasons (ANOVA, p > 0.05), for
both emersion and immersion (Table 2). In subtidal
areas, only CR in the bare-sediment community dif-
fered significantly between seasons (ANOVA, p <
0.01). Pyax and K, were always significantly lower
and CR was significantly higher in the Cymodocea
nodosa bed than in the Z. noltii bed (ANOVA, p <
0.01; Table 2).

Variation in daily community metabolism

At the study site, intertidal and subtidal bare sedi-
ment communities were heterotrophic in both sea-
sons (Table 3). In addition to the variation with irradi-
ance, we observed a sharp decrease in the NCP of
intertidal bare sediments with the time of air expo-
sure at a fairly constant irradiance (Fig. 4). This phe-
nomenon was not observed in the Zostera noltii bed,
which was always autotrophic, while the Cymodocea
nodosa bed was only autotrophic in January, with an
important carbon balance deficit in November. The
highest CR was measured in the subtidal communi-
ties, especially the C. nodosa bed. Estimated GCP
(Table 3) indicated that, in the studied area, seagrass
beds were the major primary producers by surface

unit in November (79% of the total GCP) and in
January (78 %), and that Z. noltii beds are likely to
export energy to the surrounding areas of the Banc
d'Arguin.
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Fig. 4. Effects of desiccation on intertidal bare sediment:

temporal evolution of intertidal fine-sand net community

production during emersion. Irradiance (umol photons m™>
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Table 2. Parameter (means + SE) calculated by a Michaelis-Menten model relating net community production (mmol C m~2 h!)
to photosynthetically active radiation irradiance (pmol photons m~2 s7!) in Novembre 2008 and January 2010. Py, is the gross
maximal photosynthetic rate, K, is the half saturation constant (umol photons m~2s7!), CR is community respiration (mmol C m~
h™1), RSE is the residual standard error of the model, and N is the number of incubations. Parameters that differ significantly
between the 2 seasons (ANOVA) are indicated by *(p < 0.05) and **(p < 0.01). See Fig. 3 for community abbreviations

Benthic November 1-12, 2008 January 21-30, 2010

community  Ppax K, CR RSE N Poax K. CR RSE N
ZNyater 42,7 +4.2* 68161657 50x0.4 1.5 36 31.8+2.1* 437.3+98.8 4.2+0.6 1.7 26
ZN,ir 57+04* 93.8+26.0* 2.3+£0.2* 05 57 34+04* 10.1+£88* 1.3x02** 14 29
IBS,ater 53x04 54.3+17.0 2.8+0.3 0.3 9 50x£04 823549 21x03 0.5 9
IBS.i 1.2+0.2* 44.7 £ 159.1 0.2+0.1 0.1 13 0.5+0.2* 354972 0.1x0.1 0.1 13
CN 23.0x1.5 112.3 £ 30.6 114 +£1.0 0.8 24 26.7x1.5 76.4 £27.7 8.4x0.8 3.4 22
SBS 7.2+0.6 53.5+19.3 2.7+x0.3** 0.3 9 9.1+£0.6 587144 6.7x03** 0.7 14

Table 3. Mean + 95 % probability limit for daily carbon net community production (NCP, mmol C m~2 day™?!), gross community
production (GCP, mmol C m~2 day™!), and community respiration (CR, mmol C m~2 day™'), determined from measured air and
underwater irradiances in November 2008 and January 2010

Benthic November 1-12, 2008 January 21-30, 2010
community NCP GCP CR NCP GCP CR
Zostera noltii bed 70.8 £ 65.4 177.8 £55.5 107.0+16.9 71.7£51.7 149.6 + 38.2 77.9+£224
Intertidal bare sediment -13.1 +38.6 41.6 £30.4 54.7 £ 12.1 -1.5+54.7 33.2£47.6 34.7+11.0
Cymodocea nodosa bed -96.2 +85.1 177.2+£39.5 273.4 +46.2 33.4+£82.6 234.9+409 201.5+37.4
Subtidal bare sediment -9.3+35.2 55.5 +23.7 64.8 = 14.1 -84.7 £42.5 76.0 £ 22.6 160.7 + 14.1
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DISCUSSION
Validity of methods for measuring metabolism

Significant community calcification may occur in
seagrass beds (Barrén et al. 2006, Martin et al. 2008,
Koch et al. 2013), and we corrected DIC from calcifi-
cation through TA variation according to the alkalin-
ity anomaly technique (Smith & Key 1975). We found
that, in darkness, this adjustment caused an increase
of respiration (DIC production) by 1% in seagrass
beds and by 3.5% in bare sediment areas (data not
shown). Conversely, under saturating irradiance, DIC
fluxes were lowered by 11.5% in seagrass beds and
by 42.5% in bare sediment communities. This high
percentage for the bare-sediment areas resulted
from metabolic fluxes which were lower than those of
seagrass beds. Absolute TA variations were similar in
the 4 studied communities, with an associated aver-
age carbon flux increase of 0.25 (£0.75 SD) mmol
m~2 h~! in darkness and an average decrease of 2.13
(+0.64 SD) mmol m~2 h™! at saturating irradiance.
These data would indicate net calcification during
the day and carbonate dissolution at night (Bensous-
san & Gattuso 2007). Such calculations assume that
TA fluxes at the water—sediment interface are, in
addition to production/respiration, only influenced
by calcification, but several other biogeochemical
processes may change TA in sediment (Barrén et al.
2006, Martin et al. 2007). For instance, ammonia
release, net denitrification, and net sulfate reduc-
tion can produce alkalinity (Hammond et al. 1999),
whereas ammonium removal, reoxidation of re-
duced sulfur, and nitrification may consume alkalin-
ity (Schindler 1986). High rates of anaerobic biogeo-
chemical processes, especially sulfate reduction, may
occur in seagrass beds (Larkum et al. 2006, Holmer
2009), may change the flow of alkalinity, and may
prevent a valid measurement of calcification from TA
variation alone. These processes were not assessed
during our study, and, consequently, our data cannot
be used to estimate any potential calcification rate
that may have occurred in the seagrass beds. As
such, the DIC correction we used must be considered
an approximation.

It is commonly assumed that respiration is constant
during 24 h periods, an approximation that can have a
significant impact on carbon budgets (Clavier et al.
2008). We measured CR both at night and during the
day in opaque enclosures, and our estimates should
be close to the daily averages. During our study, sea-
grass biomasses were similar to those previously re-
ported for the Banc d'Arguin (van Lent et al. 1991,

Vermaat et al. 1993, Honkoop et al. 2008, Folmer et al.
2012), with similar values in November and January.

Comparison of carbon fluxes during
immersion and emersion

One of the main results from this work is that Pvs. E
curves in the intertidal zone are always very different
during emersion and immersion. The few comparisons
already published on this subject have provided con-
tradictory results. Alongi et al. (1999) found similar
respiration in emersion and submersion in northeast-
ern Australian mud flats and mangrove soils, but CR
was higher during submersion in most previous stud-
ies (Gribsholt & Kristensen 2003, Cook et al. 2004,
Ouisse et al. 2011, Faber et al. 2012). Results on GCP
are also variable. Denis & Desreumaux (2009) observed
only very low production on a temperate immersed
mud flat due to water turbidity, and Silva et al. (2005)
found a 3-fold higher Zostera noltii bed GCP in emer-
sion compared to immersion along the south coast of
Portugal. Conversely, Ouisse et al. (2011) observed
a much higher GCP during immersion both for Z. noltii
and Z. marina beds in the western English Channel.
They considered that self-shading by seagrass leaves
lying on the sediment may explain the low production
during low tide (Ouisse et al. 2011), whereas the rela-
tive clarity of water in the Banc d'Arguin at the time of
our study allows high primary production during im-
mersion. The difference in CR can be ascribed to a
deficit in oxygen concentration even if the large varia-
tion in temperature may also impact leaf physiology.

We also detected much higher community metabo-
lism during immersion for intertidal bare sediment.
Intertidal bare sediment was drained at low tide; the
decrease in NCP with the duration of air exposure
at constant irradiance in intertidal bare sediment
(Fig. 4) indicates that desiccation could also be an
important factor controlling metabolism. In the Banc
d'Arguin, the microphytobenthos is mainly com-
posed of diatoms (Sterrenburg & Sterrenburg 1990,
De Jong et al. 1991, Honkoop et al. 2008). Intertidal
diatoms are known to exhibit tidal-driven vertical
migratory behavior with upward migration and the
accumulation of cells in a biofilm during light expo-
sure (Guarini et al. 2000, Champenois & Borges
2012). Such behavior is expected to increase primary
production during the day, in contrast to our observa-
tions. Similarly, gaseous CO, emission may be ham-
pered by a reduction in bioturbation during aerial
exposure, or by the net accumulation of reduced
solutes (Faber et al. 2012).
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Carbon fluxes: spatial and temporal variations

Daily GCP was high in the Zostera nolti and
Cymodocea nodosa beds in this study. However,
daily NCP was far lower in the C. nodosa bed due to
high CR, which exceeded Z. zoltii bed respiration by
a factor of 2.6 in November and in January. Our esti-
mations of carbon fluxes are similar to those obtained
in May 1988 in the same area (De Jong et al. 1991),
GCP was estimated at 245 mmol C m™2 d! for the
C. nodosa bed, at 163-353 mmol C m~2 d! for the
Z. noltii bed, and 19-41 mmol C m~2 d~" for intertidal
bare sediment. With the exception of C. nodosa in
January, our estimates are slightly lower than the
average value calculated from 155 sites (mean
224.9 mmol C m~2 d~!) considering a metabolic quo-
tient of 1 in the Duarte et al. (2010) analysis. The CR
of the C. nodosa bed was markedly higher, and that
of the Z. noltii bed was lower, than the calculated CR
average (187.6 mmol C m™2 d7!). In contrast, the
Z. noltii bed NCP was higher and the C. nodosa NCP
was lower, except in January, than the general mean
(27.2 mmol C m~2 d7'), indicating significant excess
carbon production. More specifically, our results dif-
fer from those reported by Santos et al. (2004), who
established a very low NCP for both Z. noltii and
C. nodosa beds, and a 2-fold higher GCP for a Z. nol-
tii community in Ria Formosa, Portugal. Similarly, a
low GCP for a mature C. nodosa bed (20-50 mmol C
m~2 d!) was detected in eastern Spain, leading to net
heterotrophy (Barrén et al. 2004). In contrast, a posi-
tive NCP (34 mmol C m™2 d™!) was calculated for
C. nodosa beds in Mallorca (Holmer et al. 2004), and
our GCP estimates for C. nodosa meadows are close
to those from a coastal lagoon in Corsica (163-
288 mmol C m™2 d!) reported by Agostini et al.
(2003).

The difference in NCP that we observed for the 2
seagrass beds may be related to an accumulation of
organic matter in subtidal areas, originating from
both autochthonous production and export from
intertidal beds that is controlled by hydrodynamics.
A similar feature was observed in bare sediments;
NCP was very low in intertidal regions, but markedly
negative in subtidal areas, for both seasons. The site
of the subtidal bare sediments is a channel, where
organic matter may accumulate, and our data may
correspond to high CR values. NCP was negligible
on intertidal bare sediments, indicating a low poten-
tial for organic matter export, but the GCP of the
Zostera noltii bed approximately double the NCP for
the 2 studied months. We conclude that half of the
Z. noltii bed production is mineralized in the sur-

rounding subtidal areas, or exported to other com-
munities. This export is mostly oriented toward the
sea, since the landward transport of leaf material is
insignificant in the Banc d'Arguin (Hemminga &
Nieuwenhuize 1991). The GCP of Cymodocea no-
dosa beds is balanced by CR, leading to a negative
NCP in November and a positive NCP in January.
This significant winter production may be related to
the dense periphyton cover observed in January,
when damaged C. nodosa leaves were observed,
which can compensate for less leaf photosynthesis in
the winter (Enriquez et al. 2004). The high CR in the
subtidal areas may be due to the mineralization of
organic matter produced locally (Holmer et al. 2004)
or imported from the intertidal zone, since Z. noltii
leaf loss is greater than C. nodosa leaf loss in our
study area (Vermaat et al. 1993). This leaf loss led to
hypoxia at the end of the night in the C. nodosa bed
in November and probably during periods when the
temperature was relatively high (August—October).
An export of C. nodosa production corresponding to
the amount of allochthonous input is likely to occur in
subtidal seagrass beds, although its precise value is
difficult to determine.

Contribution to the functioning of the
Banc d'Arguin ecosystem

We found that the vast intertidal seagrass beds
were autotrophic in the Banc d'Arguin and were
likely to export carbon during the 2 studied seasons.
This export may occur through particulate or dis-
solved organic carbon from seagrass ecosystems
(Barrén & Duarte 2009, Apostolaki et al. 2010). Par-
ticulate organic carbon can be carried away by the
prevailing winds from the northeast and transported
by currents. Many conjectures have been made
regarding the circulation of water masses in the Banc
d'Arguin and the surrounding areas (Cuq 1993,
Dedah 1993, Sevrin-Reyssac 1993, Wolff et al. 1993b,
Michel et al. 2009), but because of the complexity of
the processes involved and the lack of knowledge
about topography, we believe that a comprehensive
hydrodynamic and particle transport model is still
required to accurately assess the fate of this material.
We do know that only a small portion of seagrass pri-
mary production directly fuels the local food web
(Holmer 2009) after mineralization by bacteria (Mi-
chaelis & Wolff 2001, Honkoop et al. 2008) or is ex-
ported to adjacent ecosystems. We observed an accu-
mulation of dead leaves and roots in the sediment.
Within the Banc d'Arguin, as in other coastal ecosys-
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tems, seagrass meadows should be considered as a
carbon sink with high capacity (blue carbon sink) for
the capture and burial of carbon from seawater and
the atmosphere (Nellemann et al. 2009). In contrast,
microalgal production is an important source of fresh
organic matter that can fuel heterotrophic bacteria
and benthic invertebrates and play a significant role
in the benthic trophic web (Middelburg et al. 2000),
especially in seagrass beds (Kaldy et al. 2002). Nutri-
ents from decomposed seagrass detritus are likely to
fuel microphytobenthos production, which is often a
very important food source for the benthic commu-
nity of seagrass beds (Lebreton et al. 2009, Lebreton
et al. 2012).

NCP was only positive in the Zostera noltii beds
during both seasons, with relatively high values.
Some organic carbon, mostly rhizomes and roots,
may be retained in the sediment over long time
scales (Duarte et al. 2010). Our results reveal, how-
ever, that Z. noltii beds must be regarded as an im-
portant source of energy to the surrounding benthic
communities of the Banc d'Arguin. Mobile predators
such as birds and fishes that depend on the benthic
invertebrate food indirectly supported by Z. noltii
beds are certainly an important pathway for energy
export (Wolff et al. 1993a, Michaelis & Wolff 2001).
Our results demonstrate that intertidal and subtidal
coastal benthic communities are high production
areas likely to export energy to adjacent ecosystems.
Preservation of the extensive seagrass beds must,
therefore, be a key feature in the conservation strat-
egy of the Banc d'Arguin National Park.
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