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Abstract:  
 
Benthic primary production and respiration were investigated at 4 sites representative of the major 
coastal communities bordering the Sahara Desert in the Banc d’Arguin, Mauritania, Western Africa. 
These sites correspond to intertidal Zostera noltii beds (270 km

2
), intertidal bare sediments (88 km

2
), 

subtidal Cymodocea nodosa beds (374 km
2
), and subtidal bare sediments (311 km

2
). 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 intertidal 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

-1
. Conversely, net community production was always negative in intertidal regions and subtidal 

bare sediments (average -7.3 ± 46.7 mmol C m
-2

 d
-1

 and -47.0 ± 38.9 mmol C m
-2

 d
-1

, respectively); 
the C. nodosa bed was negative in November (-96.2 ± 85.1 mmol C m

-2
 d

-1
) and positive in January 

(33.4 ± 82.6 mmol C m
-2

 d
-1

). Community respiration was highest in subtidal communities, indicating 
active mineralization of organic matter and demonstrating that Z. noltii beds are likely to increase the 
biological 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. 
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Introduction  50 

 Coastal areas are among the most productive marine ecosystems in the world (Solan 51 

et al. 2004, Waycott et al. 2009, Bierman et al. 2011), and play a major role in marine 52 

fisheries by providing nursery and feeding grounds, that have significant economic 53 

implications for society (Worm et al. 2006, Martínez et al. 2007). Near-shore marine 54 

ecosystems are subject to various environmental conditions (Cloern & Jassby 2008) that 55 

lead to a mosaic of habitats, which has been reported to enhance biodiversity (Matias et al. 56 

2010). However, they are also vulnerable to human-induced disturbances that conversely 57 

contribute to the loss of marine biodiversity; these ecosystems would benefit from 58 

conservation measures (Jackson 2008), such as establishing protected areas. One of the 59 

goals for marine protected areas is the conservation of commercially valuable or socially 60 

important species, like fishes and birds (Robinson 2010), that often depend on the amount of 61 

organic matter present in the ecosystem. A reasonable estimate of the production of major 62 

communities and an analysis of control factors are therefore required for determining the 63 

ecological condition of coastal zones and marine protected areas (Jones 2001). 64 

 The Banc d’Arguin is a coastal ecosystem located in Mauritania, on the Atlantic coast 65 

of Africa (Fig. 1). In this region bordering the Sahara Desert, rainfall is very low and there is 66 

no estuary. The total area of the Banc d’Arguin National Park, created in 1976, is 12,000 67 

km², with approximately equal contributions from terrestrial and marine environments. The 68 

latter is characterized by extensive intertidal and shallow-water zones that are mostly 69 

covered with seagrass beds (Wolff & Smit 1990), which are particularly widespread in the 70 

vicinity of Tidra Island (Fig. 1). The high biological productivity in the coastal waters of this 71 

National Park is consistent with the presence of more than two million migratory and nesting 72 

shorebirds (Wolff & Smit 1990, Wolff et al. 1993a, Wolff & Michaelis 2008), and with its role 73 

as a nursery for numerous marine species, including fishery resources (Jager 1993, 74 

Schaffmeister et al. 2006). 75 
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 In the intertidal and shallow-water ecosystems of the Banc d’Arguin, global 76 

phytoplanktonic biomass and production are considered to be lower than those of the 77 

upwelling zone (Sevrin-Reyssac 1993), even though recent remote-sensing data suggest 78 

more eutrophic conditions (Michel et al. 2011). Therefore, benthic communities are likely the 79 

major contributors to organic carbon fluxes (Wolff et al. 1993b). The production of benthic 80 

communities has already been investigated in this area (De Jong et al. 1991, van Lent et al. 81 

1991, Vermaat et al. 1993), and Hemminga and Nieuwenhuize (1991) estimated that the 82 

export of organic material from intertidal seagrass beds is low, since most of senescent 83 

leaves are trapped in seagrass beds. Based largely on these data, a first comprehensive 84 

overview of the functioning of the Banc d’Arguin ecosystem was established by Wolf et al. 85 

(1993b). Twenty years after these studies, an approach encompassing the benthic 86 

productivity of vegetated and unvegetated areas, considering both intertidal and subtidal 87 

zones, is still needed to evaluate the energetic status of tidal flats and shallow inshore waters 88 

in the Banc d’Arguin National Park area. It is thus particularly important to determine whether 89 

net community production (NCP) is positive, indicating an autotrophic system that is likely to 90 

export energy to neighboring areas (Clavier & Garrigue 1999, Geertz-Hansen et al. 2011).  91 

 To address these issues, we used in situ benthic chamber incubations to estimate 92 

NCP and to derive community respiration (CR) and gross community production (GCP) in the 93 

major intertidal and subtidal benthic communities of the Banc d’Arguin. The benthic chamber 94 

method has been extensively used in recent decades to study solute fluxes through the 95 

sediment-water interface in deep sea, continental shelf and coastal environments (Viollier et 96 

al. 2003). More recently, measurements of gaseous exchanges at the soil-air interface in 97 

benthic chambers, which were originally developed on land (Parker et al. 2013), have been 98 

applied to the intertidal zone at the community scale (Migné et al. 2002). These techniques 99 

allow primary production and respiration rates to be estimated from direct or indirect 100 

measurements of carbon fluxes. However, few studies have attempted to estimate metabolic 101 
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fluxes both during emersion and submersion of intertidal ecosystems (Alongi et al. 1999, 102 

Gribsholt & Kristensen 2003, Cook et al. 2004, Ouisse et al. 2011, Faber et al. 2012, Silva et 103 

al. 2005); their results did not show a clear influence of emersion on benthic metabolism, 104 

although this knowledge is crucial for estimating the daily carbon production of benthic 105 

intertidal communities. In the present paper, we thus establish carbon production-irradiance 106 

curves during emersion and immersion at stations representative of the major intertidal 107 

benthic communities of the shallow parts of the Banc d’Arguin, to estimate the daily carbon 108 

budget during the studied periods. The results are compared to subtidal communities to 109 

assess the importance of the large intertidal seagrass beds and to contribute to 110 

understanding of the ecological functioning of the shallow areas of the Banc d’Arguin.  111 

Material and methods 112 

Study sites 113 

This study was conducted in the southern part of the Banc d’Arguin, Mauritania (Fig. 114 

1) where the tidal range is ~2.5 m during spring tides (Wijnsma et al. 1999). We established 115 

the relative extent of benthic communities using remote sensing and extensive field 116 

validation. The area covered by the different benthic communities, from the intertidal zones 117 

to a depth of ~5 m, was estimated from the analysis of SPOT images (2002). A series of 850 118 

field surveys were performed to ground-truth the benthic assemblages. Over a total 119 

investigated area of 1 114 km², intertidal areas are dominated by Zostera noltii Hornem. beds 120 

interspersed with comparatively rare Halodule wrightii Aschers. beds (24% of the total area), 121 

together with bare sediment (8%) mainly composed of fine sand. Cymodocea nodosa (Ucria) 122 

Aschers. beds (34%), and bare sediment (28%) also dominated by fine sand make up the 123 

bulk of the subtidal benthic habitats. Miscellaneous benthic habitats, corresponding to 124 

subtidal algal beds, high-shore intertidal halophytes, and intertidal and subtidal muddy and 125 
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rocky areas, are of minor relative importance (6% of the total area). Supratidal hypersaline 126 

areas (sebkhas) were not considered in this study. 127 

To estimate the benthic carbon production of these shallow coastal areas, we 128 

established NCP/irradiance (P vs E) relationships for the four major benthic communities 129 

listed above (1043 km², comprising 94% of the investigated area). P vs E curves were 130 

established near Iwik village (Fig. 1) in November 1-12, 2008 and January 21-31, 2010. NCP 131 

was assessed at four sites underwater, and during emersion of the two intertidal 132 

communities. Z. noltii bed metabolism was studied near Zira Island, in a place where 133 

seagrass abundance is representative of most of the studied area (Clavier et al. 2011, 134 

Folmer et al. 2012). Intertidal bare-sediment NCP was measured on a site without 135 

macrophytes. Both intertidal stations were located around mid-tide level, in the middle of the 136 

Z. noltii distribution range. The depth of the subtidal C. nodosa bed studied near Zira Island, 137 

was also in the middle of the species distribution range, and the site of the subtidal bare 138 

sediment survey was located in a channel.  139 

Field measurements 140 

 CO2 fluxes during emersion and dissolved inorganic carbon (DIC) fluxes underwater 141 

were measured using benthic chambers covering 0.2 m² (Fig. 2). Three replicate vinyl 142 

polychloride rings were inserted into the sediment at locations chosen to encompass the 143 

local variation in seagrass biomass, and randomly on bare-sand areas. Hemispheres were 144 

fixed tightly to the bases to trap a known volume of ~50 L, varying according to the depth of 145 

ring insertion into the substrate. To establish P vs E relationships, clear chambers were used 146 

to assess NCP at various irradiance levels, including night conditions in emersion or under 147 

opaque domes in submersion. The experimental equipment was assembled by divers, even 148 

on intertidal sites during high tide, to minimize the effects of trampling the very soft substrate. 149 

Measurements at each sampling site were performed at the same location. 150 
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At intertidal sampling sites, CO2 measurements were carried out during emersion, 151 

after gently draining the bases of retained water to match the surrounding area. The domes 152 

were secured and the isolated volume of air was stirred for homogenization using a small 153 

battery-operated fan (Fig. 2A). CO2 concentration was measured in a closed circuit (Migné et 154 

al. 2002) connected to a calibrated infrared gas analyzer (Li-820, LI-COR) in which air 155 

circulation was forced at a rate of ~1 L min-1 by an adjustable pump (TD22N, Brailsford). A 156 

desiccation column filled with anhydrous calcium sulfate (Drierite) was placed at the gas 157 

entry into the analyzer. The CO2 concentration (in parts per million, ppm =μmol CO2 mol air-1) 158 

was displayed on a laptop computer, and successively recorded at 5 s intervals for 3 min in 159 

the three enclosures. This short incubation time limits temperature increases in the 160 

enclosures to less than 1.0 °C. NCP during emersion (mmol m-2 h-1) was calculated using the 161 

equation: 162 

          
 

    
 

where ΔCO2 is the change in CO2 concentration during the incubation (ppm), v is the 163 

chamber volume (L), s is the enclosed surface area (m2) and ∆t is the incubation time (h).  164 

DIC flux at the sediment-water interface was estimated underwater. In each chamber, 165 

the enclosed water was continuously stirred for homogenization using an adjustable 166 

submersible pump at 2 L min-1, connected to a battery in a waterproof container (Fig. 2B). 167 

The dome was removed for at least 20 min between successive series of measurements to 168 

restore ambient conditions. Oxygen, temperature, salinity, and depth were recorded every 169 

minute with a multiparameter probe (YSI 6920). The regularity of oxygen concentration (mg 170 

L-1) as a function of time (min) was used to verify the proper functioning of the system. 171 

Seawater samples were collected using 500 mL polyethylene syringes from each chamber at 172 

the beginning and end of incubations. pH (total scale, mol kg SW-1) was measured within 15 173 

min using a pH meter (Radiometer PH 240) standardized with 2-amino-2-hydroxymethyl-1,3-174 
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propanediol hydrochloride and 2-amminopyridine/HCl buffer solutions in synthetic sea water 175 

at a salinity of 35 (Dickson et al. 2007) and corrected for temperature and salinity. Samples 176 

for total alkalinity (TA) measurements were filtered through Whatman GF/F filters, poisoned 177 

with HgCl2, and stored in the dark. To measure TA, Gran titrations were performed on 20 mL 178 

subsamples (six replicates) by the automatic potentiometric method (Radiometer TIM 865) 179 

with a 0.01 mol L-1 HCl solution (Titrisol, Merck). Phosphate and silicate in ambient water 180 

were measured once at each sampling date and concentrations were determined according 181 

to Aminot & Kérouel (2004) using an AutoAnalyser. DIC concentrations (mmol L-1) were 182 

calculated from pH, TA, phosphate and silicate concentrations, temperature, and salinity 183 

using the CO2SYS program (Pierrot et al. 2006). NCP during submersion (mmol m-2 h-1) was 184 

calculated as the difference between the final and initial concentrations in DIC according to 185 

the following equations:  186 

          
 

    
    

              
 

      
 187 

where ΔDIC is the change in total inorganic carbon concentration during the incubation 188 

(mmol L-1), v is the chamber volume (L), s is the enclosed surface area (m2), ∆t is the 189 

incubation time (h), CG is the estimated net community calcification (mmol CaCO3 m
-2 h-1), 190 

and ΔTA is the change in TA (mmol L-1). Both in emersion and in immersion, we assumed 191 

that NCP at night or under a dark dome corresponds to CR. GCP is the sum of the absolute 192 

values of NCP and CR.  193 

Environmental parameters 194 

Photosynthetically active radiation (PAR, 400-700 nm) irradiance in the air 195 

(μmol photons m–2 s–1) and shade air temperature (°C) were recorded every minute from 196 

sunrise to sunset, using a quantum sensor (LI-192SA, LI-COR) calibrated for in-air operation 197 

and an air temperature sensor (LI-1400-101, LI-COR), respectively, connected to a LI-1400 198 

data logger. Underwater PAR (μmol photons m–2 s–1) was also measured every minute 199 
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during underwater experiments using the same quantum sensor, calibrated for in-water 200 

operation and connected to a LI-1400 data logger in a watertight case. Underwater PAR was 201 

measured level to the top of the leaves in seagrass beds and near the sediment in bare 202 

sandy bottoms. Sediment subsurface (first centimeter) temperature was recorded every 15 203 

min on a HOBO U12-015 data logger.  204 

In addition, air hygrometry (%) was recorded near the shore 50 cm above the ground 205 

and 5 cm above the sediment during low-tide incubations using a hand-held thermo-206 

hygrometer (Luft E200IR). At the end of the experiments, seagrass total living biomass 207 

(leaves, rhizomes, and roots) was collected in each enclosure. The plant material was 208 

cleaned and dried at 60 °C for 48 h in the laboratory to obtain dry weight (g m-2), and the ash-209 

free dry weight (AFDW, g m-2) was calculated after combustion at 450 °C for 4 h. Sediment 210 

was sampled at each station by three randomly positioned 2.5 cm2 cores, and kept frozen at 211 

-20 °C until analysis. Amounts of photosynthetic pigments (mg m-2) were estimated after 212 

acetone extraction of the top centimeter for 24 h at 5 °C. After filtration of the extract, optical 213 

densities were measured on a spectrophotometer at 750 nm and 665 nm. Amounts of 214 

chlorophyll a and phaeopigments were calculated as described by Lorenzen (1967). We 215 

restricted our analysis to sediment chlorophyll a and phaeopigments content because 216 

sediment phytopigments have already been the subject of a comprehensive study in the 217 

same area by Honkoop et al. (2008). Pigment content of sediment was only assessed in 218 

January because a power failure prevented the maintenance of samples frozen in 219 

November. Sediment granulometry was determined using a graded series of standard sieves 220 

suited to the intervals of the Wentworth (1922) scale. Mean grain size (Folk & Ward 1957) 221 

and silt and clay (size fraction <0.063 mm) percentages were calculated.  222 

Data analysis, P vs E curves 223 

For each sampling site and period, a Michaelis-Menten model (Lederman & Tett 224 

1981, Vermaat 2009) was iteratively fitted using non-linear regression (Gauss-Newton 225 
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algorithm) to NCP during submersion and emersion versus in situ PAR irradiance (E, mmol 226 

photons m–2 h–1), according to the following equation: 227 

     
        

     
      228 

where Pmax is the gross maximal production rate (mmol C m–2 h–1), Km is the half saturation 229 

constant (mmol photons m–2 h–1), and CR (mmol C m–2 h–1).  230 

Data analysis, daily community metabolism 231 

Daily community production and respiration rates were determined for each sampling 232 

site and period from P vs E curves established during emersion and immersion. Aerial 233 

irradiance was measured every minute over 12 days in November 2008 and 11 days in 234 

January 2010. Average underwater irradiance (Ez, µmol photons m-2 s-1) was calculated 235 

every minute at each subtidal sampling site and during the submersion of intertidal sites 236 

according to: 237 

      
        

   238 

 kPAR  ∑
(              )

  

 

   
 239 

where    is the measured aerial irradiance (µmol photons m-2 s-1), kPAR is the downwelling 240 

irradiance attenuation coefficient for the whole PAR waveband (m-1) for each site, z (m) is the 241 

depth corrected from tidal effects,     and     (µmol photons m-2 s-1) are the recorded aerial 242 

and underwater irradiance at depth z, respectively, and n is the number of simultaneous 243 

records of irradiance in the air and underwater.  244 

 As no reliable tide table exists for the eastern part of the Banc d’Arguin, a harmonic 245 

tidal analysis with nodal corrections was performed for the time series sea-surface height we 246 

established at Iwik from October 5, 2009 to January 8, 2010, using the T_Tide package 247 

(Pawlowicz et al. 2002). To be always immersed, a depth gauge (YSI 600 XL) was placed 248 



11 

 

near the tidal level where the C. nodosa bed was studied (Gauge 1). Twenty-two tidal 249 

constituents from 59 constituents analyzed were significant at 95% confidence according to 250 

linear analysis. The tide is semidiurnal; the amplitudes of tidal heights are 78 cm and 24 cm 251 

for M2 and S2, respectively, and 8 cm and 4 cm for K1 and O1, respectively. From this 252 

analysis, tidal heights relative to the Gauge 1 level were calculated every minute during the 253 

two sampling periods. In the absence of an absolute reference depth, we set the working 0 m 254 

tidal level to the Z. noltii lower distribution limit near Iwik village, where a second identical 255 

depth gauge was deployed to calculate the depth difference with Gauge 1. Tidal depth 256 

relative to this reference was calculated by the model. 257 

NCP, GCP, and CR were calculated from the input parameters Pmax, Km, CR and E. 258 

The error associated with the model corresponded to the standard deviation of the replicate 259 

estimates around the mean (Pemberton et al. 2006). Irradiance (E) during immersion was 260 

calculated with an error associated with kPAR, whereas irradiance recorded during aerial 261 

exposure of intertidal stations was taken as exact with no statistical uncertainty. First, 262 

average NCP, GCP, and CR values were calculated every minute and a set of 100 randomly 263 

generated values of the input parameters, with an assumed normal distribution, was used to 264 

estimate their uncertainty by a Monte-Carlo method. NCP, GCP and CR daily estimates and 265 

their 95 % confidence intervals were then calculated by integrating the values over 24h and 266 

multiplying the errors by 1.96 (Pemberton et al. 2006). As P vs E relationships were only 267 

assessed for two seasons, the correlation between Pmax and Km was not considered, leading 268 

to an underestimation of errors. Daily average values were calculated for each sampling 269 

period (12 days in November 2008 and 11 days in January 2010). We use the following sign 270 

conventions for all carbon exchanges: for NCP, positive values correspond to an uptake of 271 

CO2 or DIC by the community; for CR, positive values correspond to a release of CO2 or DIC 272 

to the atmosphere or the sea; and for GCP, positive values correspond to an uptake of CO2 273 

or DIC from the atmosphere or the sea. 274 
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Statistical analysis 275 

Mann-Whitney tests were used to compare downwelling irradiance attenuation coefficients 276 

(kPAR) between seasons and sites, and seagrass biomasses between seasons. Comparison 277 

of non-linear model parameters across different data sets was performed using an Analysis 278 

of variance (ANOVA), according to Ritz & Streibig (2008). All data processing was performed 279 

using R statistical software (R Development Core Team 2012). 280 

Results  281 

Environmental and biological characteristics 282 

 Average temperature varied with season but was similar in the air and in sea water, 283 

both in November 2008 (mean ± SD = 22.5 ± 4.2 °C in the air and 22.8 ± 0.9 °C in seawater) 284 

and in January 2010 (mean ± SD = 19.2 ± 4.5 °C in the air and 19.6 ± 0.3 °C in seawater). 285 

The daily variation in air temperature was 14.1 °C in November and 17.9 °C in January. High 286 

daily temperature variation was also observed at the surface of emerged intertidal sediment 287 

(range 11.2-33.0 °C in January 2010). The daily temperature of seawater was nearly 288 

constant, and variation was much less important in subtidal areas (3.2 °C in November 2008 289 

and 3.1 °C in January 2010). kPAR differed significantly between seasons but not between 290 

sites (Mann-Whitney tests). The average kPAR was higher in November (mean ± SD = 0.53 ± 291 

0.12 m-1) than in January (mean ± SD = 0.39 ± 0.10 m-1). Average wind speed was 5.9 m s-1 292 

in November 2008 and 5.1 m s-1 in February 2010. 293 

 The mean dissolved oxygen concentration was in equilibrium with the atmosphere, 294 

both in November (217 µM, 99 % air saturation) and in January (229 µM, 100 % air 295 

saturation). Daily fluctuations were low in channel areas (173-238 µM in November and 201-296 

257 µM in January), but higher in C. nodosa beds where hypoxia (60 µM, 28 % air 297 

saturation) was observed in November at the end of the night (4:15 AM) and high oxygen 298 
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concentrations (357 µM, 175 % air saturation with bubbles on seagrass leaves) occurred in 299 

the afternoon (4:15 PM). Variations in oxygen concentration were lower at the same site in 300 

January (185-321 µM). The absence of significant rainfall combined with high evaporation led 301 

to high salinity (average 41.6 in November and 40.3 in January), with daily fluctuations of 302 

~0.8 during both seasons. The highest salinities were observed at low tide, and the lowest 303 

values during high tide. Relative air hygrometry was low both in November (mean ± SD = 304 

47.8 ± 9.6 %) and in January (mean ± SD = 34.5 ± 6.5 %). The daily pattern of irradiance 305 

(PAR) was always very regular, with a maximum value at solar noon that was slightly lower 306 

in November (mean ± SD = 2,092 ± 88 µm photons m-2 s-1) than in January (mean ± SD  = 307 

2,296 ± 125  µm photons m-2 s-1) due to a higher load of atmospheric dust.  308 

 The studied stations differed in depth, sediment granulometry, and pigment (Table 1). 309 

The global biomasses of Z. noltii (mean ± SD = 223 ± 26 g AFDW m-2  in November, and 212 310 

± 30 g AFDW m-2 in January) and C. nodosa (mean ± SD = 272 ± 26 g AFDW m-2 in 311 

November, and 257 ± 24 g AFDW m-2 in January) did not significantly differ between the two 312 

seasons (Mann-Whitney test, P>0.05) for each seagrass bed, but C. nodosa biomass was 313 

always significantly higher than Z. noltii biomass (Mann-Whitney test, P<0.05). Unlike Z. noltii 314 

leaves, which were barely covered by periphyton, C. nodosa leaves were more damaged 315 

and covered with periphyton in January than in November. The AFDW/dry weight biomass 316 

ratio was 0.46 for Z. noltii and 0.59 for C. nodosa whole shoots. 317 

Comparison of P vs E relationships  318 

 In intertidal areas, P vs E relationships were always very different during immersion 319 

and emersion (Fig. 3), with significantly higher values (ANOVA, P<0.01) underwater (Table 320 

2). Only the Pmax of the immersed Z. noltii bed differed significantly between seasons 321 

(ANOVA, P<0.05), with lower values in January, whereas all Michaelis-Menten model 322 

parameters differed during emersion (ANOVA, P<0.05) with lower values in January. P vs E 323 

parameters for the intertidal bare-sediment community were comparatively low and did not 324 
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vary significantly between seasons (ANOVA, P>0.05), for both emersion and immersion 325 

(Table 2). In subtidal areas, only CR in the bare-sediment community differed significantly 326 

between seasons (ANOVA, P<0.01). Pmax and Km were always significantly lower and CR 327 

was significantly higher in the C. nodosa bed than in the to Z. noltii bed (ANOVA, P<0.01; 328 

Table 2).  329 

Variation in daily community metabolism  330 

 At the study site, intertidal and subtidal bare sediment communities were 331 

heterotrophic in both seasons (Table 3). In addition to the variation with irradiance, we 332 

observed a sharp decrease in the NCP of intertidal bare sediments with the time of air 333 

exposure at a fairly constant irradiance (Fig. 4). This phenomenon was not observed in the Z. 334 

noltii bed, which was always autotrophic, while the C. nodosa bed was only autotrophic in 335 

January, with an important carbon balance deficit in November. The highest CR was 336 

measured in the subtidal communities, especially the C. nodosa bed. Estimated GCP (Table 337 

3) indicated that, in the studied area, seagrass beds were the major primary producers by 338 

surface unit in November (79 % of the total GCP) and in January (78 %), and that Z. noltii 339 

beds are likely to export energy to the surrounding areas of the Banc d’Arguin. 340 

Discussion 341 

 342 

Validity of methods for measuring metabolism  343 

Significant community calcification may occur in seagrass beds (Barrón et al 2006, 344 

Martin et al. 2008, Koch et al. 2013), and we corrected DIC from calcification through TA 345 

variation according to the alkalinity anomaly technique (Smith & Key 1975). We found that, in 346 

darkness, this adjustment caused an increase of respiration (DIC production) by 1 % in 347 

seagrass beds and by 3.5 % in bare sediment areas (data not shown). Conversely, under 348 

saturating irradiance, DIC fluxes were lowered by 11.5 % in seagrass beds and by 42.5 % in 349 
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bare sediment communities. This high percentage for the bare-sediment areas results from 350 

metabolic fluxes which are lower than those of seagrass beds. Absolute TA variations were 351 

similar in the four studied communities, with an associated average carbon flux increase of 352 

0.25 (SD 0.75) mmol m-2 h-1 in darkness and an average decrease of 2.13 (SD 0.64) mmol 353 

m-2 h-1 at saturating irradiance. These data would indicate net calcification during the day and 354 

carbonate dissolution at night (Bensoussan & Gattuso 2007). Such calculations assume that 355 

TA fluxes at the water-sediment interface are, in addition to production/respiration, only 356 

influenced by calcification, but several other biogeochemical processes may change TA in 357 

sediment (Barrón et al. 2006, Martin et al. 2007). For instance, ammonia release, net 358 

denitrification, and net sulfate reduction can produce alkalinity (Hammond et al. 1999), 359 

whereas ammonium removal, reoxidation of reduced sulfur, and nitrification may consume 360 

alkalinity (Schindler 1986). High rates of anaerobic biogeochemical processes, especially 361 

sulfate reduction, may occur in seagrass beds (Larkum et al. 2006, Holmer 2009), may 362 

change the flow of alkalinity, and may prevent a valid measurement of calcification from TA 363 

variation alone. These processes were not assessed during our study, and, in consequence, 364 

our data cannot be used to estimate any potential calcification rate that may have occurred in 365 

the seagrass beds. As such, the DIC correction we used must be considered an 366 

approximation. 367 

It is commonly assumed that respiration is constant during 24-h periods, an 368 

approximation that can have a significant impact on carbon budgets (Clavier et al. 2008). We 369 

measured community respiration both at night and during the day in opaque enclosures, and 370 

our estimates should be close to the daily averages. During our study, seagrass biomasses 371 

were similar to those previously reported for the Banc d’Arguin (van Lent et al. 1991, 372 

Vermaat et al. 1993, Honkoop et al. 2008, Folmer et al. 2012), with similar values in 373 

November and January.  374 

Comparison of carbon fluxes during immersion and emersion  375 
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One of the main results from this work is that P vs E curves in the intertidal zone are 376 

always very different during emersion and immersion. The few comparisons already 377 

published on this subject have provided contradictory results. Alongi et al. (1999) found 378 

similar respiration in emersion and submersion in north-eastern Australian mud flats and 379 

mangrove soils, but CR was higher during submersion in most previous studies (Gribsholt & 380 

Kristensen 2003, Cook et al. 2004, Ouisse et al. 2011, Faber et al. 2012). Results on GCP 381 

are also variable. Denis & Desreumaux (2009) observed only very low production on a 382 

temperate mud flat underwater due to water turbidity, and Silva et al. (2005) found a 3-fold 383 

higher Z. noltii bed GCP in emersion compared to immersion in the south coast of Portugal. 384 

Conversely, Ouisse et al. (2011) observed a much higher GCP during immersion both for Z. 385 

noltii and Zostera marina beds in the western English Channel. They considered that self-386 

shading by seagrass leaves lying on the sediment may explain the low production during low 387 

tide (Ouisse et al. 2011), whereas the relative clarity of water in the Banc d’Arguin at the time 388 

of our study allows high primary production during immersion. The difference in CR can be 389 

ascribed to a deficit in oxygen concentration even if the large variation in temperature may 390 

also impact leaf physiology. 391 

We also detected much higher community metabolism during immersion for intertidal 392 

bare sediment. Intertidal bare sediment was drained at low tide; the decrease in NCP with 393 

the duration of air exposure at constant irradiance in intertidal bare sediment (Fig. 4) 394 

indicates that desiccation could be also an important factor controlling metabolism. In the 395 

Banc d’Arguin, the microphytobenthos is mainly composed of diatoms (Sterrenburg & 396 

Sterrenburg 1990, De Jong et al. 1991, Honkoop et al. 2008). Intertidal diatoms are known to 397 

exhibit tidal-driven vertical migratory behavior with upward migration and the accumulation of 398 

cells in a biofilm during light exposure (Guarini et al. 2000, Champenois & Borges 2012). 399 

Such behavior is expected to increase primary production during the day, in contrast to our 400 

observations. Similarly, gaseous CO2 emission may be hampered by a reduction in 401 
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bioturbation during aerial exposure, or by the net accumulation of reduced solutes (Faber et 402 

al. 2012). 403 

Carbon fluxes: spatial and temporal variations 404 

Daily GCP was high in the Z. noltii and C. nodosa beds studied here. However, daily 405 

NCP was far lower in the C. nodosa bed due to high CR, which exceeded Z. zoltii bed 406 

respiration by a factor of 2.6 in November and in January. Our estimations of carbon fluxes 407 

are similar to those obtained in May 1988 in the same area (De Jong et al. 1991), GCP was 408 

estimated at 245 mmol C m-2 d-1 for the C. nodosa bed, at 163-353 mmol C m-2 d-1 for the Z. 409 

noltii bed, and 19-41 mmol C m-2 d-1 for intertidal bare sediment. With the exception of C. 410 

nodosa in January, our estimates are slightly lower than the average value calculated from 411 

155 sites (mean 224.9 mmol C m-2 d-1) considering a metabolic quotient of 1 in the Duarte et 412 

al (2010) analysis. The CR of the C. nodosa bed was markedly higher, and that of the Z. 413 

noltii bed was lower, than the calculated CR average (187.6 mmol C m-2 d-1). In contrast, the 414 

Z. noltii bed NCP was higher and the C. nodosa NCP was lower, except in January, than the 415 

general mean (27.2 mmol C m-2 d-1), indicating significant excess carbon production. More 416 

specifically, our results differ from those reported by Santos et al. (2004), who established a 417 

very low NCP for both Z. noltii and C. nodosa beds, and a 2-fold higher GCP for a Z. noltii 418 

community in Ria Formosa, Portugal. Similarly, a low GCP for a mature C. nodosa bed (20 -419 

 50 mmol C m-2 d-1) was detected in eastern Spain, leading to net heterotrophy (Barròn et al. 420 

2004). In contrast, a positive NCP (34 mmol C m-2 d-1) was calculated for C. nodosa beds in 421 

Mallorca (Holmer et al. 2004), and our GCP estimates for C. nodosa meadows are close to 422 

those from a coastal lagoon in Corsica (163-288 mmol C m-2 d-1) reported by Agostini et al. 423 

(2003).  424 

The difference in NCP we observed for the two seagrass beds may be related to an 425 

accumulation of organic matter in subtidal areas, originating from both autochthonous 426 

production and export from intertidal beds that is controlled by hydrodynamics. A similar 427 
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feature was observed in bare sediments; NCP was very low in intertidal regions, but 428 

markedly negative in subtidal areas, for both seasons. The site of the subtidal bare 429 

sediments is a channel, where organic matter may accumulate, and our data may 430 

correspond to high CR values. NCP was negligible on intertidal bare sediments, indicating a 431 

low potential for organic matter export, but the GCP of the Z. noltii bed approximately double 432 

the NCP for the two studied months. We conclude that half of the Z. noltii bed production is 433 

mineralized in the surrounding subtidal areas, or exported to other communities. This export 434 

is mostly oriented toward the sea, since the landward transport of leaf material is insignificant 435 

in the Banc d’Arguin (Hemminga & Nieuwenhuize 1991). The GCP of C. nodosa beds is 436 

balanced by CR, leading to a negative NCP in November and a positive NCP in January. 437 

This significant winter production may be related to the dense periphyton cover observed in 438 

January, when damaged C. nodosa leaves were observed, which can compensate for less 439 

leaf photosynthesis in the winter (Enríquez et al. 2004). The high CR in the subtidal areas 440 

may be due to the mineralization of organic matter produced locally (Holmer et al. 2004) or 441 

imported from the intertidal zone, since Z. noltii leaf loss is greater than C. nodosa leaf loss in 442 

our study area (Vermaat et al. 1993). This leaf loss led to hypoxia at the end of the night in 443 

the C. nodosa bed in November and probably during periods when the temperature was 444 

relatively high (August-October). An export of C. nodosa production corresponding to the 445 

amount of allochthonous input is likely to occur in subtidal seagrass beds, although its 446 

precise value is difficult to determine.  447 

Contribution to the functioning of the Banc d’Arguin ecosystem 448 

We found that the vast intertidal seagrass beds were autotrophic in the Banc d’Arguin 449 

and were likely to export carbon during the two studied seasons. This export may occur 450 

through particulate or dissolved organic carbon from seagrass ecosystems (Barròn & Duarte 451 

2009, Apostolaki et al. 2010). Particulate organic carbon can be carried away by the 452 

prevailing winds from the northeast and transported by currents. Many conjectures have 453 
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been made regarding the circulation of water masses in the Banc d’Arguin and the 454 

surrounding areas (Cuq 1993, Dedah 1993, Sevrin-Reyssac 1993, Wolff et al. 1993b, Michel 455 

et al. 2009), but because of the complexity of the processes involved and the lack of 456 

knowledge about topography, we believe that a comprehensive hydrodynamic and particle 457 

transport model is still required to accurately assess the fate of this material. We do know 458 

that only a small portion of seagrass primary production directly fuels the local food web 459 

(Holmer 2009) after mineralization by bacteria (Michaelis & Wolff 2001, Honkoop et al. 2008) 460 

or is exported to adjacent ecosystems. We observed an accumulation of dead leaves and 461 

roots in the sediment. Within the Banc d’Arguin, as in other coastal ecosystems, seagrass 462 

meadows should be considered as a carbon sink with high capacity (blue carbon sink) for the 463 

capture and burial of carbon from seawater and the atmosphere (Nellemann et al. 2009). In 464 

contrast, microalgal production is an important source of fresh organic matter that can fuel 465 

heterotrophic bacteria and benthic invertebrates and play a significant role in the benthic 466 

trophic web (Middelburg et al. 2000), especially in seagrass beds (Kaldy et al. 2002). 467 

Nutrients from decomposed seagrass detritus are likely to fuel microphytobenthos 468 

production, which is often a very important food source for the benthic community of 469 

seagrass beds (Lebreton et al. 2009, Lebreton et al. 2012). 470 

Only in the Z. noltii beds was NCP positive during both seasons, with relatively high 471 

values. Some organic carbon, mostly rhizomes and roots, may be retained in the sediment 472 

over long time scales (Duarte et al. 2010). Our results reveal, however, that Z. noltii beds 473 

must be regarded as an important source of energy to the surrounding benthic communities 474 

of the Banc d'Arguin. Mobile predators such as birds and fishes that depend on the benthic 475 

invertebrate food indirectly supported by Z. noltii beds are certainly an important pathway for 476 

energy export (Wolff et al. 1993a, Michaelis & Wolff 2001). Our results demonstrate that 477 

intertidal and subtidal coastal benthic communities are high production areas likely to export 478 
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energy to adjacent ecosystems. Preservation of the extensive seagrass beds must therefore 479 

be a key feature in the conservation strategy of the Banc d’Arguin National Park. 480 
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Figure Captions 702 

 703 

Figure 1. Location of the four sampling sites in the Banc d’Arguin (Western Africa). 1: 704 

intertidal Zostera noltii bed; 2: intertidal bare sediment; 3: subtidal Cymodocea nodosa bed; 705 

4: subtidal bare sediment.  706 

Figure 2. Schematic representation of the apparatus used to measure benthic metabolism at 707 

the sediment-water interface during emersion (A) and immersion (B). 1: laptop computer; 2: 708 

infrared gas analyzer; 3: desiccant; 4: air pump and flowmeter; 5: hose connection; 6: dome; 709 

7: battery-operated fan; 8: vinyl polychloride base; 9: water flowmeter; 10: 12-V battery; 11: 710 

submersible water pump; 12: multiparameter probe. 711 

Figure 3. Relationships between irradiance and net community production (NCP) of a 712 

subtidal bare-sediment community (SBS), a Cymodocea nodosa bed (CN), a Zostera noltii 713 

bed during submersion (ZNwater) and emersion (ZNair), and an intertidal bare-sediment 714 

community during submersion (IBSwater) and emersion (IBSair), in November 2008 and 715 

January 2010. 716 

Figure 4. Effects of desiccation on intertidal bare sediment: temporal evolution of intertidal 717 

fine-sand net community production during emersion. Irradiance (µmol photons m-2 s-1) is 718 

indicated at the top of the plot.  719 
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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 720 

concentration corresponds to the top centimeter of sediments. Chlorophyll a values were measured only in January. SD corresponds to 721 

standard deviation. 722 

 723 

 724 

 725 

 726 

 727 

Table 2. Values of parameters ± standard error calculated by a Michaelis-Menten model relating net community production (mmol C m-2 h-1) to 728 

photosynthetically active radiation irradiance (µmol photons m-2 s-1) in Novembre 2008 and January 2010. Pmax is the gross maximal 729 

photosynthetic rate, Km is the half saturation constant (µmol photons m-2 s-1), CR is community respiration (mmol C m-2 h-1), RSE is the residual 730 

standard error of the model, and N is the number of incubations. Parameters that differ significantly between the two seasons (ANOVA) are 731 

indicated by * (p<0.05) and ** (p<0.01). 732 

 733 

 734 

Benthic community Depth  
(m) 

% silt and 
clay 

Mean grain size (µm)  
(sediment type) 

Chlorophyll a (SD)  
(mg m

-2
)  

Phaeopigments (SD)  
(mg m

-2
) 

Chlorophyll a 
% 

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 

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

 Pmax Km CR RSE N Pmax Km CR RSE N 

Zostera noltii bed, immersion *42.7±4.2 681.6±165.7 5.0±0.4 1.5 36 *31.8±2.1 437.3±98.8 4.2±0.6 1.7 26 
Zostera noltii bed, emersion **5.7±0.4 *93.8±26.0 **2.3±0.2 0.5 57 **3.4±0.4 *10.1±8.8 **1.3±0.2 1.4 29 
Intertidal bare sediment, immersion 5.3±0.4 54.3±17.0 2.8±0.3 0.3 9 5.0±0.4 82.3±54.9 2.1±0.3 0.5 9 
Intertidal bare sediment, emersion *1.2±0.2 44.7±159.1 0.2±0.1 0.1 13 *0.5±0.2 35.4±97.2 0.1±0.1 0.1 13 
Cymodocea nodosa bed 23.0±1.5 112.3±30.6 11.4±1.0 0.8 24 26.7±1.5 76.4±27.7 8.4±0.8 3.4 22 
Subtidal bare sediment 7.2±0.6 53.5 ±19.3 **2.7±0.3 0.3 9 9.1±0.6 58.7±14.4 **6.7±0.3 0.7 14 
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Table 3. Mean ± 95% probability limit for daily carbon net community production (NCP, mmol C m-2 day-1), gross community production (GCP, 735 

mmol C m-2 day-1), and community respiration (CR, mmol C m-2 day-1), determined from measured air and underwater irradiances in November 736 

2008 and January 2010.  737 

 738 
 November 1-12, 2008 January 21-30, 2010  

Benthic 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 ± 22.4 

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 ± 40.9 201.5 ± 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 

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

Benthic 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 ± 22.4 

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 ± 40.9 201.5 ± 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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