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Highlights :  

Benthic O2 exchange was monitored in a temperate bay in winter. 
 
The aquatic Eddy Covariance and benthic chambers were deployed 
over two stations. 

Maerl beds and muddy sediments generally released and consumed 
O2. 
 
Techniques showed similar patterns of temporal O2 flux changes at 
both sites. 
 
Benthic chambers may have underestimated Maerl community 
respiration. 

Abstract 

To the best of our knowledge, the understanding of benthic metabolism of 
coastal sedimentary areas is still limited due to the complexity of 
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determining their true in situ dynamics over large spatial and temporal 
scales. Multidisciplinary methodological approaches are then necessary to 
increase our comprehension of factors controlling benthic processes and 
fluxes. An aquatic Eddy Covariance (EC) system and Benthic Chambers 
(BC) were simultaneously deployed during the winter of 2013 in the Bay of 
Brest within a Maerl bed and a bare mudflat to quantify and 
compare O2 exchange at the sediment–water interface. Environmental 
abiotic parameters (i.e., light, temperature, salinity, current velocity and 
water depth) were additionally monitored to better understand the 
mechanisms driving benthic O2 exchange. At both sites, EC measurements 
showed short-term variations (i.e. 15 min) in benthic O2 fluxes according to 
environmental conditions. At the Maerl station, EC fluxes ranged from -21.0 
mmol m−2 d−1 to 71.3 mmol m−2 d−1 and averaged 22.0 ± 32.7 mmol 
m−2 d−1 (mean ± SD), whilst at the bare muddy station, EC fluxes ranged 
from -43.1 mmol m−2 d−1 to 12.1 mmol m−2 d−1 and averaged -15.9 ± 14.0 
mmol m−2 d−1 (mean ± SD) during the total deployment. Eddy Covariance 
and Benthic Chambers measurements showed similar patterns of 
temporal O2 flux changes at both sites. However, at the Maerl station, BC 
may have underestimated community respiration. This may be due to the 
relative large size of the EC footprint (compared to BC), which takes into 
account the mesoscale spatial heterogeneity (e.g. may have included 
contributions from bare sediment patches). Also, we hypothesize that the 
influence of bioturbation induced by large-sized mobile benthic fauna on 
sediment oxygen consumption was not fully captured by BC compared to 
EC. Overall, the results of the present study highlight the importance of 
taking into account specific methodology limitations with respect to 
sediment spatial macro-heterogeneity and short-term variations of 
environmental parameters to accurately assess benthic O2 exchange in the 
various benthic ecosystems of the coastal zone. 
 

Keywords : Benthic O2 fluxes ; Aquatic Eddy Covarianc ; Benthic 

Chambers ; Maerl bed ; Bare mudflat ; Bay of Brest 

1. Introduction 
Coastal soft-bottom substrates represent active sites of biogeochemical cycling where benthic 

communities of microbes and fauna deeply influence the fate (i.e. recycling, burial, 

resuspension) of sedimented organic matter (Middelburg et al., 2004). Shallow marine 

sediments can also support intense autotrophic production, thus controlling the metabolic 

status (i.e. source or sink of carbon) of coastal marine systems (Jahnke et al., 2000). The 

sediment oxygen consumption, assessed through the measurement of the total O2 influx 

across the sediment–water interface, provides an overall estimate of the total carbon turnover 

rate (Glud, 2008). In permeable sediments, physical processes, such as 

advective porewater transport driven by current and wave actions strongly influence 

benthic O2 exchange (Berg et al., 2003, Reimers et al., 2012, Huettel et al., 2013, Berg et al., 

2013). Conversely, in cohesive sediments inhabited by diverse macrofaunal communities, 

benthic O2 fluxes are predominantly controlled by the biological mixing of the surficial 
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sediment layer (i.e. bioturbation), which encompasses both sediment reworking (i.e. particle 

transport) and bio-irrigation (i.e. enhanced exchange of porewater and dissolved solutes 

across the sediment–water interface) processes (Kristensen et al., 2012). However, the 

influence of bioturbation activities on sedimentary biogeochemical processes is particularly 

difficult to accurately assess at the scale of the whole habitat. Indeed, key processes 

(biological activities vs. chemical redox reactions) typically occur at different spatial and 

temporal scales, which cannot be simultaneously fully captured using classical 

methodologies. For instance, total benthic O2 exchange is typically quantified using 

incubation techniques either in situ or in sediment cores incubated at the laboratory 

(McGlathery et al., 2001, Berg et al., 2003, Martin et al., 2005, Huettel et al., 2007, Thouzeau 

et al., 2007, Khalil et al., 2013). Although fundamental insights into the role of benthic fauna 

on biogeochemical processes have been gained using both methodologies, benthic chambers 

(BC) have significant limitations. Firstly, they most often consider small (or very small) 

sediment areas (i.e. a few tenths of m2 in the very best case) whereas large-sized 

bioturbating macrofauna often exhibits relatively low densities and patchy distributions over 

much larger spatial scales. Moreover, the time required to deploy BC or a sediment corer onto 

the seafloor, without disturbing the sediment–water interface, does not allow for capturing the 

impact on solute exchanges of highly mobile (e.g. flat fishes) or deep burrowing 

(e.g. thalassinid crustaceans) species, which can easily escape from experimental enclosures 

before measurements are made. Yet, it is acknowledged that in situ BC may significantly 

affect active transport processes and associated natural hydrodynamic forcing at the 

sediment–water interface (Berg and Huettel, 2008). Light penetration can also be substantially 

reduced in BC compared to natural in situ conditions (Tengberg et al., 2004). 

 

The aquatic Eddy Covariance (EC) technique, developed by Berg et al. (2003), is expected to 

solve such limitations. It allows the measurement of benthic O2 exchange in a continuous 

fashion and without being intrusive or disturbing the flow field over the sediment (Berg and 

Huettel, 2008). Furthermore, the sediment surface that contributes to the measured fluxes is 

very large (10 to 100 m2, (Berg et al., 2007) in comparison to traditional incubation 

techniques. Eddy Covariance measurements thus allow for taking into account the 

bioturbation activities and the respiration of large mobile benthic fauna and overall to 

integrate the strong spatial heterogeneity of complex coastal benthic systems. To date, this 

new alternative technique was used to assess benthic metabolisms of various aquatic soft-

bottom habitats, i.e. from lakes (Brand et al., 2008, McGinnis et al., 2008, Lorrai et al., 2010), 

sandy-bottom river and sea sediments (Berg et al., 2003, Chipman et al., 2012, Berg et al., 

2013, Koopmans and Berg, 2015, Rovelli et al., 2017, Attard et al., 2019), vegetated and 

muddy lagoon sediments (Berg et al., 2003, Hume et al., 2011, Rheuban et al., 2014), 

vegetated and shallow sandy sea sediments (Attard et al., 2019), sandy intertidal bays (Kuwae 

et al., 2006, Berg et al., 2013), continental shelf (Reimers et al., 2012) to deeper oceanic 

realms (Berg et al., 2009, Donis et al., 2016, Attard et al., 2019). The use of the EC technique 

is particularly suitable over hard-bottom substrates such as coral reefs (Long et al., 

2013, Rovelli et al., 2015), Maerl beds (Attard et al., 2015), macroalgal and mussel reefs 

(Attard et al., 2019) and rocky embayments (Glud et al., 2010). In these latter rocky systems, 

incubation methods, which require a perfect sealing between the chamber walls and the 

substratum, can be difficult to deploy. 

 

Maerl beds (i.e. unattached calcareous red algae communities developing at the surface of 

shallow coastal sediments) are unique and complex habitats, somehow intermediate between 

hard- and soft-bottom substrates. Accordingly, they host highly diverse biocenoses with 

abundant autotrophic and heterotrophic organisms living within either the lattice of 
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algae thalli or the underlying sediment (Grall, 2002, Barbera et al., 2003, Grall et al., 2006). 

Maerl beds are considered among the most diversified and productive benthic ecosystems in 

the world. However only few studies based on in situ incubation measurements, investigated 

their biogeochemical functioning (Martin et al., 2005, Martin et al., 2007b). Attard et al. 

(2015) have investigated the biogeochemical functioning of a live Maerl bed community 

using an EC system, thus showing that in the Scottish Loch Sween (1) O2 exchange at the 

benthic interface are highly dynamic, mainly driven by light availability and tidal flow, and 

(2) the benthic O2 consumption exceeds O2 production over a diel period. In the Bay of 

Brest, these complex biogenic structures are particularly threatened by various human 

activities (mainly bivalve dredging) (Hall-Spencer et al., 2003). To better predict the 

consequences of the accelerated degradation of Maerl beds in the biogeochemical functioning 

of the whole Bay of Brest ecosystem, similar studies investigating benthic organic 

matter remineralization processes and carbon cycling at large spatial scales are required. 

 

In the present study, O2 exchange was investigated at the sediment–water interface of two 

contrasted biotopes, a Maerl bed and a bare muddy sediment, through simultaneous 

deployments of an aquatic EC system and BC. The objectives were (1) to compare O2 fluxes 

measured at different spatial and temporal scales with EC and BC, (2) to assess short-term 

dynamic in benthic O2 exchange and to identify environmental controlling factors at the two 

stations, and (3) to accurately quantify the benthic metabolism of the two studied biotopes in 

the Bay of Brest. 

2. Methods 

2.1. Study site 

The Bay of Brest is a semi-enclosed macrotidal marine ecosystem of about 180 km 2 located 

in the West of France (Fig. 1). This coastal bay exchanges shelf waters with the Iroise Sea 

through a narrow (2 km wide) and deep (40 m) strait. It receives moderate inputs of 

freshwater from the Elorn and Aulne rivers that represent 80% of the total freshwater 

inputs (Chauvaud et al., 2000). The Bay is a shallow basin with more than 50% of its surface 

shallower than 5 meters (average depth 8 m). Tidal action induces short-term variability in 

hydrological parameters and enhances mixing of the water masses (Chauvaud et al., 

1998, Thouzeau, 2003). Maximal tidal range is 7.3 meters during spring tides. In the Bay of 

Brest, Maerl beds cover more than one third of the benthic substrate (∼60 km 2) and develop 

from the limit of spring low tides to a depth of 15 m. They consist of cohesive muddy 

sediments covered by a dense community of free-living coralline red algae, Lithothamnion 

corallioides being the dominant species (Grall, 2002). Though Maerl beds in the Bay of Brest 

are of importance to sustainable fisheries, providing nursery grounds for commercial species 

of fish and shellfish (i.e. scallops Pecten maximus, Hall-Spencer et al., 2003), the studied 

Maerl bed was chosen because it had no anthropogenic disturbances during measurements. 

Finally, the American slipper limpet Crepidula fornicata is also largely found in the Bay, 

covering more than half of its benthic surface whilst seagrass meadows represent a much 

smaller percentage of the area compared to Maerl beds in the Bay of Brest (Martin et al., 

2007b, Ni Longphuirt et al., 2007). In situ measurements were carried out during wintertime 

of 2013, under anticyclonic conditions with cold and sunny weather and negligible surface 

waves. Eddy Covariance and Benthic Chambers were simultaneously deployed within two 

contrasted biotopes: a Maerl bed station located in the Northwest of the bay (48°21.916’N 

04°26.006’W) and a bare muddy sediment station located in the South of the bay 

(48°17.358’N 04°28.267’W) at five and ten meters deep, respectively (Fig. 1, Table 1). 
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Fig. 1. Localization of the two study sites in the Bay of Brest (red square in the France 

map), Ma: Maerl beds (48°21.916’N 04°26.006’W), Mu: bare muddy station 

(48°17.358’N 04°28.267’W). 

2.2. Field measurements 

2.2.1. Aquatic Eddy Covariance deployments 

The different components of the EC system (Unisense A/S, version EC2) were mounted on a 

custom-made stainless steel tripod frame specially designed to avoid, as far as possible, 

hydrodynamic perturbation around sensors but able to sustain the natural hydrodynamic 

forces in the Bay (Fig. 2A). Current velocity was measured by an acoustic Doppler 

velocimeter (ADV with a fixed probe, Nortek vector) in a cylindrical measurement volume 

(14 mm height and 14 mm in diameter) situated at 157 mm below the base of the three 

transducers (Fig. 2B). The velocity was corrected against the speed of sound with water 

temperature and salinity from the sampled station using the Vector software (1.34 version). 

Oxygen concentration was measured by a Clark-type microelectrode from Unisense 

(< 25μm tip diameter) (Fig. 2B). All O2 sensors used in this study had a 90% response time 

below 0.3 s and a stirring sensitivity close to 2%. The O2 sensor was polarized at −0.8 volts 

for 24 h before each deployment. An in situ eddy amplifier (ISA-Eddy, Unisense A/S) was 

coupled to the microelectrode to amplify the total O2 signal from the microelectrode and to 

maximize signal-to-noise ratio, sensitivity and signal speed. The O2 microelectrode was 

positioned so that its tip was located as close as possible (< 1 cm) to the ADV measurement 

volume (Fig. 2B). The signals generated by both the in situ eddy amplifier and the Nortek 

vector were logged by the Unisense EC system controller unit (Fig. 2A). The EC controller 

unit allowed deployment programming, storage (8 GB data capacity), power supply (internal 

Li-ion batteries, approximately 34 h at 25 °C of autonomy) and other unit interface 

connections. 
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Water current velocity and O2 concentration measurements were performed at 40 cm above 

the substrate surface in continuous mode at 64 Hz. Additional sensors were set up on the EC 

frame for measurement of environmental parameters. Oxygen concentrations were recorded 

every ten seconds with an optode (4330F, Aanderaa) directly connected to the EC controller 

unit. Another O2 probe (SDOT300, NKE Instrumentation) equipped with a 3835 optode 

(Aanderaa) was also used to monitor in parallel the O2 in the bottom water and to calibrate 

the microelectrode (see 2.3.1. section) (Fig. 2A). Both optodes were positioned at the same 

distance above the substrate surface as the EC microelectrode tip. The optode signal was 

checked by collecting triplicate samples of bottom water, in which the O2 concentration was 

analyzed by Winkler titration. Temperature, salinity, pressure (water height) and 

photosynthetically active radiation (PAR) were measured every two minutes by a STPS probe 

(NKE Instrumentation) and a SPAR probe (NKE Instrumentation) equipped with a LI-COR 

sensor, respectively (Fig. 2A). 

 

At the two studied stations, the EC system was deployed from the boat but supervised by 

IUEM SCUBA divers who (1) oriented the frame so that sensors were most of the time 

downstream according to the main flow direction (negative x-current velocity), (2) ensured 

that perturbation (i.e. frame position) and sediment re-suspension were the lowest possible, 

and (3) removed potential obstructions such as rock, macro-algae, or maerl accumulations 

close to the sensor axis that could lead to possible sensor damage or breaking. 

Eddy Covariance deployments over Maerl bed and muddy sediment stations were carried out 

sequentially during a two-day period in February 2013 and lasted from 11:30 to 17:30 (TU+1) 

(2013/02/20) and from 11:30 to 18:30 (TU+1) (2013/02/21), respectively. Unfortunately, no 

longer diurnal cycle deployments could be done at that time due to logistical reasons. 
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Fig. 2. Image of the aquatic EC system. (A) The EC system and associated sensors 

carried by the frame: (1) the EC system controller unit. (B) Main EC sensors; (2) 

acoustic Dopplervelocimeter ADV and (3) Oxygen (O2) microelectrode (Clark type) 

with in situ eddy amplifier. The ADV transducer (the black ring represents the water 

current x direction). The other associated sensors are (4) O2 optode directly connected 

to the EC system controller unit (front leg), (5) O2 optode autonomously deployed, (6) 

STPS sensor for temperature, salinity and pressure measurements and (7, behind the 

left leg) SPAR sensor for photosynthetically active radiation PAR measurements. 

 

2.2.2. Benthic chamber deployments 

Oxygen fluxes were simultaneously monitored using in situ large-sized benthic chambers 

(see Thouzeau et al., 2007 for review). Three replicate enclosures made of 0.196 

m2 cylindrical acrylic tubes (ca. 15 cm in height) were gently pushed into the substratum 

(Maerl bed and bare muddy sediments) by SCUBA divers. The total enclosed volume was 

around 36 L slightly varying depending on the depth of insertion. A submersible pump 

connected to the chamber and to waterproof batteries was adjusted to a fixed flow rate of 2 L 

min −1 to homogenize the water inside the enclosures, corresponding roughly with the average 

hydrodynamics of the surrounding free-flowing water (Thouzeau et al., 2007). Transparent 

and dark chambers were used to determine net community production (NCP) and community 

respiration (CR), respectively. For each station, a set of three chambers (two transparent and 

one darkened) was simultaneously deployed for at least one hour. This procedure was 

repeated three times over the course of the daylight period from 11:00 to 15:00 (2013/02/20) 
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and from 11:55 to 16:30 (2013/02/21) (TU+1) at the Maerl bed and bare muddy sediment 

stations, respectively. Each enclosure was opened for 30 min at least between each successive 

set of incubations to restore in situ conditions. Multiparameter probes (YSI 6920v2) were 

used to continuously measure the oxygen concentrations, salinity, temperature and depth 

inside the chambers every minute. A LI-COR sensor (LI-192SA) was deployed near one of 

the clear BC to measure the light (PAR, 400–700 nm). Irradiance (μmol m−2 s−1) was averaged 

every minute. 

2.3. Data processing 

2.3.1. EC data processing 

The O2 signal from the microelectrode was a millivolt reading (mv μ) stored by time that 

linearly corresponds to the O2 concentration. The O2 microelectrode calibration was done 

from raw reading (mvμ) converted to O2 concentration ([O2]μ, μmol L−1) according to Eq (1). 

 

(1) [O2]μ=[O2]sdot×(mvμ−mv0) ∕ (mvsdotxmv0) 

 

where [O2]sdot is the O2 concentration (μmol L−1) of the bottom water measured by the 

autonomous SDOT optode averaged over thirty minutes and corrected from water solubility, 

salinity and atmospheric pressure (Garcia and Gordon, 1992) . The mvsdot is the 

averaged O2 signal in millivolt measured by the microelectrode over the same 30 min. 

averaging period, and mv0 is the O2 signal in millivolt that corresponded to the zero 

calibration obtained by immersing the microelectrode tip into an anoxic solution of sodium 

ascorbate and soda (2 g C6H8O6 and 10 ml of 1 mol L−1 NaOH completed to 100 ml with 

distilled water) before deployment. 

Sediment–water O2 fluxes, one for each 15 min. averaging time period or burst, were 

extracted from the high-resolution (64 Hz) raw data. The vertical turbulent eddy flux is 

defined as (2) (Berg et al., 2003). 

 

 
where FO2 is O2 flux at the sediment–water interface measured by the aquatic EC 

technique, uz is the vertical turbulent fluctuating velocity and C is the turbulent 

fluctuating O2 concentration. The overbar represents a temporal average (i.e. 15 min. during 

this study), and primes denote the instantaneous turbulent fluctuations relative to their 

temporal average (e.g. uz = uz - uz¯ and C = C - C¯, (Reynolds, 1895). Data were processed 

using the EC R-package (open source R software) developed by the NIOZ Institute (The 

Netherlands) (see Cathalot et al., 2015). Fluxes were then obtained from these raw EC data 

with a procedure involving several steps: (1) spike removal in vector and 

microelectrode O2 data; (2) unit modifications and statistical operations on velocity 

and O2 concentration; (3) coordinating rotation (two-axis rotation) on 3D velocity to align 

coordinate system with the stream lines of the 15 min. averages; (4) moving average filtering 

(window length of 100 s) to remove the mean (non-turbulent part of the covariance) from raw 

EC data; (5) determining and applying time shift correction for velocity and O2 data using a 

cross-correlation procedure (shift window of ± 2 s); and (6) computing mean values, turbulent 

fluxes and characteristic parameters (i.e. noise analysis with standard deviation of first 

difference of vz and O2, σvz and σO2, respectively). In parallel, a (co)-spectral (variance 

preserving power spectra, average cumulative (co)-spectra ogive) analysis was carried out for 

each burst to quantify the distribution by frequency of the covariance of the raw measured 

signals. The sampling frequency (64 Hz), the short response time of the microelectrode (< 0.3 

s) and the time averaging period (15 min.) allowed catching all contributing eddies (high and 
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low frequency) to O2 fluxes measured by EC. For more details on EC data processing, refer 

to Berg et al., 2003, Berg et al., 2009, Berg et al., 2013, Kuwae et al. (2006), McGinnis et al. 

(2008) and Lorrai et al. (2010). 

 

According to data quality control protocols, incorrect processed data have to be removed to 

obtain reliable O2 fluxes. Several factors can lead to bias or errors, i.e. instrument 

malfunctioning, data processing artifacts, and natural in situ conditions not satisfying the 

assumptions of the EC methodology, i.e. non-stationary time series, convergence, divergence 

(Brand et al., 2008, Berg et al., 2009, Hume et al., 2011, Holtappels et al., 2013, Donis et al., 

2015). Therefore, each 15 min. burst was carefully checked and we removed bursts that 

showed (1) ADV velocity data with a beam correlation threshold lower than 70%, (2) 

standard deviations of first difference of vz and O2, σvz and σO2 larger than 0.01 m s−1 and 

0.1μmol L−1, respectively, (3) deviations from the linearity of cumulative O2 fluxes and (4) 

non steady-state conditions: the steady-state test was applied to pairs of specified signals, 

particularly to uz and C in this study. Standard deviations and covariance of uz and C were 

computed on short time intervals of 1 min. and these values were compared to those 

computed on the chosen time run of 15 min. following Foken and Wichura (1996). Only data 

corresponding to a difference lower than 30% (periods defined as steady-state conditions) 

were retained. A clear linear trend within each burst indicates quasi-steady state conditions 

with a constant O2 flux and a statistically good representation of all eddy sizes that contribute 

to the flux. In the end, 66% and 54% of the EC bursts were retained for further analysis in the 

Maerl bed and the bare muddy sediments, respectively. 

 

In order to estimate the surface area that contributes to EC O2 flux (i.e. the footprint), 

footprint calculations were done according to equations from Berg et al. (2007). The footprint 

length (l), the upstream distance (xmax) and the footprint width (w) were computed from 

measurement heights (h) and the roughness length (z0) at each burst. The latter parameter was 

obtained from the law of the wall from the measurement height (h), the mean current velocity 

(ux¯), the von Karman’s constant (k = 0.41) and the friction velocity (u∗) defined by Stull 

(1988) (see Attard et al., 2015 for more details). 

2.3.2. Benthic chamber data processing 

Oxygen fluxes in the benthic chambers (BC) were calculated from the 

continuous O2 concentrations during BC measurements in the overlying water as defined in 

Eq. (3). 

 
 

where FO2 is O2 flux at the sediment–water interface (mmol m−2 h−1), Δ[O2] 
is the variation in the O2 concentration during the incubation (mmol 
L−1), V is the chamber volume (L), A is the enclosed surface area (m2) and Δt 
is the incubation time duration (hour). Net community production (NCP) 
and community respiration (CR) were computed as mean O2 fluxes 
averaged over flux values measured during each sampling day by 
transparent and dark BC, respectively. 

Table 1. Environmental parameters and benthic O2 fluxes measured over Maerl 

beds (Ma) and bare muddy sediments (Mu) in the Bay of Brest (20–

21/02/2013). Averages and ranges are presented in bold (± standard 

deviation) and in italic between brackets, respectively. PAR, photosynthetically 
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active radiation. H, water height. Tw, water temperature. [O2]μ and 

[O2]sdot oxygen concentrations measured by the EC microelectrode and the 

SDOT optode, respectively. EC FO2, benthic O2 fluxes measured by EC during 

the whole deployments. BC FO2, O2 fluxes measured by clear and dark benthic 

chambers during daytime. EC raw data have been sampled at 64 Hz and 

environ mental parameters have been measured every two minutes. All values 

were averaged over 15 min. bursts. 
 

 

PAR 

(μmol m−2 s−1) 

62.1 ± 44.0 6.9 ± 3.7 

(2.3–111.9) (1.4–17.3) 
 

N = 24 N = 28 

H 

(m) 

5.9 ± 0.4 10.4 ± 0.5 

(4.9–6.3) (9.1–11.0) 
 

N = 24 N = 28 

Tw 
(∘C) 

9.5 ± 0.2 9.6 ± 0.1 

(8.9–9.7) (9.4–9.7) 
 

N = 24 N = 28 

Salinity 32.7 ± 0.3 33.5 ± 0.1 

(32.1–33.0) (33.3–33.7) 
 

N = 24 N = 28 

Mean velocity 

(cm s−1) 

4.9 ± 1.6 4.2 ± 0.9 

(1.0–7.4) (2.4–5.8) 
 

N = 24 N = 28 

[O2]μ 

(μmol L−1) 

273 ± 3 248 ± 5 

(270–279) (240–255) 
 

N = 17 N = 15 

[O2]sdot 

(μmol L−1) 

273 ± 3 249 ± 6 

(269–279) (239–265) 
 

N = 24 N = 26 

EC O2 flux 

(mmol m−2 d−1) 

22.0 ± 32.7 −15.9 ± 14.0 

(−21.0–71.3) (−43.1–12.1) 

N = 17 N = 15 

Clear BC O2 flux 87.4 ± 14.5 −9.1 ± 4.2 

(mmol m−2 d−1) (64.8–105.7) (−14.6–−2.4) 
 

N = 6 N = 6 

−38.6 ± 7.6 −18.7 ± 10.0 
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Dark BC O2 flux 

(mmol m−2 d−1) 

(−44.0–−33.3) (−27.0–−7.6) 

 
N = 2 N = 3 

Footprint length (m) 171 ± 64 115 ± 35 

(63–257) (57–195) 
 

N = 12 N = 26 

Footprint upstream distance (m) 7 ± 3 5 ± 2 

(2–10) (2–10) 
 

n = 12 n = 26 

Footprint width (m) 2.6 2.6 

 

 

Table 2. Benthic O2 flux regional comparisons across sites and methodologies 

(BC and EC techniques). Fluxes are in mmol m−2 d−1. EC fluxes measured in 

this study and presented in Table 2 correspond to daily rates estimated from 

daylight hours. 

Benthic O2 fluxes 

(Maerl station) 

Benthic O2 fluxes 

(Mud station) 

Site characteristics Methodology References 

35.0 ± 5.8 (NCP) −3.7 ± 1.7 (CR) Temperate (Bay of 

Brest) 

Aquatic EC 

(Winter) 

This study 

87.4 ± 14.5 (NCP) −9.1 ± 4.2 (NCP) 
 

Clear BC 

(Winter) 

−38.6 ± 7.6 (CR) −18.7 ± 10.0 (CR) 
 

Dark BC 

(Winter) 

 

13.9 ± 7.2 (NCP) 
 

Temperate (Loch 

Sween, Scotland) 

Aquatic EC 

(Winter) 

Attard et al. 

(2015) 

−25.2 ± 9.1 (CR) 
  

Dark BC 

(Winter) 

 

79.2 ± 42.5 (NCP) 
 

Temperate (Bay of 

Brest) 

Clear BC 

(Winter) 

Martin et al., 

2007a, Martin et 

al., 2007b 
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Benthic O2 fluxes 

(Maerl station) 

Benthic O2 fluxes 

(Mud station) 

Site characteristics Methodology References 

−67.2 ± 12 (CR) 21.3 ± 5.3 (CR) 
 

Dark BC 

(Winter) 

 

−108.6 ± 29.8 (NCP) 
 

Temperate (Bay of 

Brest) 

Clear BC 

(Spring) 

Martin et al. 

(2005) 

 
−19.2 ± 2.4 (CR) Temperate (Bay of 

Brest) 

Dark BC 

(Winter) 

Ni Longphuirt et 

al. (2007) 

 
−39 ± 3; 

−46 ± 8 (CR) 

Temperate (Aarhus 

Bay and Limfjorden 

Sound, Denmark) 

Aquatic EC Berg et al. (2003) 

2.3.3. Statistical tools 

Post-processing (graphs and statistics) was performed using the GraphPad Prism version 6.00 

software (La Jolla California USA, www.graphpad.com) The Shapiro–Wilk test was used to 

test the normality of the data (with a p value below 0.05). The non-parametric test of Mann–

Whitney (with a p value below 0.01) was applied to distinguish significant differences in 

benthic O2 fluxes between stations and methodologies. 

 

3. Results 

3.1. Benthic O2 exchange and associated environmental parameters at the Maerl station 

Environmental parameters showed large variations during the 6.5 h deployment of 

the EC system at the Maerl station (Fig. 3 and Table 1). Water height decreased from 6.3 m to 

4.9 m. High PAR values were recorded from 11:30 to 15:00 and reached values of up 

to 112μmol m−2 s−1 around 14:00. PAR values suddenly dropped at 15:15 down to low values 

of ∼ 2μmol m−2 s−1 during the rest of deployment due to turbid riverine inputs into sub-surface 

water bodies of the Bay with the ebbing tide (Fig. 3A). This sudden drop was not seen in any 

of the other recorded environmental parameters. Water temperature and salinity at the 

sediment–water interface increased steadily over the first two hours (from 8.9 to 9.7 °C and 

from 32.1 to 33.0, respectively), suggesting that warmer and saltier waters arrived with the 

flooding tide (Fig. 3B). Water temperature and salinity then remained constant thereafter 

during the early ebb tidal phase in the afternoon. Current velocities were in general low at the 

Maerl station (from 1.0 to 7.4 cm s−1) although short-term temporal variations were noticed. In 

particular, at the beginning of the deployment the current first decreased from 5.1 to 1.0 cm 

s−1 over thirty minutes and then increased to 6.9 cm s−1 one hour later (Fig. 3C). Oxygen 

concentrations measured by the microelectrode and the SDOT optode (273 ± 3μmol L−1 on 

average) showed weak variations during the deployment with values ranging from 269 

to 279μmol L−1 (Fig. 3D and Table 1). 
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Fig. 3. Aquatic Eddy Covariance O2 fluxes and associated environmental parameters over the 

Maerl bed station (20/02/2013, from 11:30 to 17:30). Averaged EC Data from burst 1 

(11:37:30) corresponds to EC raw data (at 64 Hz) averaged over 15 min between 11:30:00 and 

11:45:00. (A) Photosynthetically active radiation (PAR, μmol m−2 s−1) and water height (H, 

meters), (B) Water temperature (T, °C) and salinity, (C) Mean water current velocity (cm s−1), 

(D) O2 concentration (μmol L−1) measured by the microelectrode and SDOT optode and (E) 
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Sediment/water O2 fluxes measured by EC (EC FO2, mmol m−2 d−1). Averaged FO2 measured 

by BC have been added (BC FO2, mmol m−2 d−1). Positive and negative FO2 values 

represent O2 production (from Maerl beds to water) and O2 uptake (by Maerl beds), 

respectively. 

 

 



Fig. 4. Aquatic Eddy Covariance O2 fluxes and associated environmental parameters 

over the bare muddy station (21/02/2013, from 11:30 to 18:30). See Fig. 3 caption for 

variable details. 

 

Large temporal changes in benthic O2 fluxes were observed over the Maerl bed. EC fluxes 

ranged from an uptake of −21.0 mmol m−2 d−1 to a release of 71.3 mmol m−2 d−1 and averaged 

22.0 ± 32.7 mmol m−2 d−1 during the total duration of the deployment (Fig. 3E, Table 1). Until 

the observed sudden drop in PAR (i.e. 60% of the time of the EC deployment), the Maerl 

community showed a net O2 production (47.2 ± 13.7 mmol m−2 d−1 on average) associated 

with the high PAR period (Fig. 3E). Benthic O2 fluxes dropped suddenly in thirty minutes 

concomitantly with the PAR decrease during the second half part of the deployment when a 

net mean O2 uptake of −13.9 ± 5.7 mmol m−2 d−1was measured (Fig. 3E). The footprint 

length, the upstream distance to the location and the footprint width associated to EC fluxes 

over the Maerl station were estimated to be between 63 and 257 m (mean of 171 ± 64 m), 2 

and 10 m (mean of 7 ± 3 m), and at 2.6 m, respectively (Table 1). 

 

Transparent BC were deployed between 11:00 and 15:00 corresponding to the high PAR 

period. They revealed high positive O2 fluxes across the benthic interface. Oxygen fluxes 

ranged from 64.8 to 105.7 mmol m−2 d−1 and averaged 87.4 ± 14.5 mmol 

m−2 d−1 (Table 1, Fig. 3E). In contrast, dark chamber incubations measured a community 

respiration (CR) ranged between −44.0 and −33.3 mmol m−2 d−1 with a mean value of 

−38.6 ± 7.6 mmol m−2 d−1. 

 

3.2. Benthic Oxygen exchange and associated environmental parameters at the bare muddy 

sediment station 

Large variations also occurred during the 7 h EC deployment at the bare muddy station 

(Fig. 4, Table 1). Water height was higher and ranged from 9.1 m to 11.0 m 

(Fig. 4A, Table 1). PAR values were low during the whole duration of the deployment, 

decreasing from 17μmol m−2 s−1 at the beginning of the deployment (11:30) to 2μmol 

m−2 s−1 afterwards (Fig. 4A). Water temperature and salinity were steady with mean values of 

9.6 ±0.1°C and 33.5 ± 0.1 (N=28), respectively (Table 1, Fig. 4B). Mean current velocity 

showed small variations from 2.4 to 5.8 cm s−1 with a slight current decrease with the ebbing 

tide between 15:00 and 18:30 (Fig. 4C). Oxygen concentrations recorded by the EC 

microelectrode and the SDOT optode showed weak temporal changes from 239 to 265μmol 

L−1 and averaged 248 ± 5μmol L−1 (Table 1, Fig. 4D). 

 

Overall, sediment–water O2 exchange measured by EC was negative and variable at the bare 

muddy station, ranging from −43.1 to 12.1 mmol m−2 d−1, with a mean value of −15.9 ± 14.0 

mmol m−2 d−1 (Table 1, Fig. 4E). A net O2 uptake (-19.4 ± 11.3 mmol m−2 d−1 on average) was 

measured during 88% of the time. Large short-term variations in this O2 uptake were 

observed over short time scales (fifteen minutes at maximum) as for instance at the beginning 

of the deployment with an O2 uptake decrease from −28.0 to −6.7 mmol m−2 d−1 between 

11:37 and 11:52 (Fig. 4E). O2 flux shifts from negative to positive values also occurred 

(i.e. from −43.1 to 12.1 between 14:52 and 15:22, Fig. 4E) although most of them were 

removed with our data quality procedure (i.e. stationary test). The footprint length, the 

upstream distance to the location and the footprint width associated to these fluxes at the mud 

station were comparable to footprint characteristics computed at the Maerl station, and were 

estimated to be between 57 and 195 m (mean of 115 ± 35 m), 2 and 10 m (mean of 5 ± 2 m), 

and at 2.6 m, respectively (Table 1). 
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An O2 uptake (net negative NCP) of −9.1 ± 4.2 mmol m−2 d−1 on average (ranging from −14.6 

to −2.4 mmol m−2 d−1, Table 1) was measured by clear BC incubations deployed from 11:55 to 

16:30 under similar PAR values (2.1–7.1μmol m−2 s−1) (Fig. 4D). Community Respiration 

values measured by dark benthic chambers were between −27.0 and −7.6 mmol m−2 d−1 with a 

mean of −18.7 ± 10.0 mmol m−2 d−1. 

 

3.3. Comparison of aquatic Eddy Covariance and Benthic Chamber techniques 

During the present study, benthic O2 exchange was investigated in both biotopes using two 

different and complementary approaches for the measurement of benthic O2 fluxes 

(Fig. 5, Table 1). At the Maerl station, significant differences were found between 

benthic O2 fluxes measured by BC and EC averaged over the same time period (ECn) 

(87.4 ± 14.5 and 44.5 ± 11.0 mmol m−2 d−1, respectively; Mann–Whitney test, p = 0.0004) 

(Fig. 5, Table 1). At the bare muddy sediment station, no significant differences were noticed 

between BC (-9.1 ± 4.2 mmol m−2 d−1) and EC fluxes averaged over the same time period 

(ECn), with −16.5 ± 8.5 mmol m−2 d−1 (Mann–Whitney test, p = 0.1276). 

 

 

 
 

Fig. 5. Aquatic Eddy Covariance and Benthic Chamber O2 fluxes comparison over 

Maerl bed (A) and bare muddy sediment (B) stations. EC fluxes (± standard 

deviations) were averaged over each corresponding BC incubation hour to allow 

comparisons; number of EC values used for calculations were 0, 4 and 4 at Maerl bed 

and 2, 3 and 3 at bare muddy sediment stations, respectively. 

 

Eddy Covariance O2 exchange measured over the Maerl station (ECN, 22.0 ± 32.7 mmol 

m−2 d−1) was significantly different from those measured over the mud station (ECN, 

−15.9 ± 14.0 mmol m−2 d−1) (Mann–Whitney test, p = 0.0015) (Fig. 5, Table 1). Similarly 

significant differences were observed between O2 exchange measured with BC over Maerl 

and mud stations (Mann–Whitney test, p = 0.0022) (Fig. 5, Table 1). 

 

4. Discussion 

4.1. Aquatic Eddy Covariance versus Benthic Chamber O2 flux measurements 

Benthic flux technique comparison over complex, heterogeneous and non-cohesive Maerl 

substrates 

Biogeochemical fluxes can show strong spatial and temporal changes over complex substrates 

such as Maerl beds, characterized by a strong spatial heterogeneity and intense 
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advective porewater transport and bio-irrigation due to large macrobenthic organisms (Glud et 

al., 2003, Rheuban and Berg, 2013). In the present study, benthic O2 fluxes measured by BC 

at the Maerl bed station were consistently higher than those measured with the EC technique 

(EC:BC ratio of 0.4-0.6; Figs. 3E and 5, Table 1). 

 

Beyond potential hydrodynamic perturbations caused by BC deployments (Viollier et al., 

2003), the larger sediment footprint covered by EC measurements may fundamentally 

contribute to the difference between O2 fluxes measured with the two methods. Indeed, at 

40 cm above the Maerl bed, the footprint model gave an estimated area of ∼ 350 m2 (i.e. 171 

m long for ca. 2.6 m wide) compared to ∼ 0.2 m2 with BC (Table 1). The larger EC footprint 

thus allows for a more accurate integration of the mesoscale spatial heterogeneity of 

sedimentary biotopes (e.g. taking into account the contribution of bare sediment patches 

in O2 flux). However, it should be noticed that the station was specifically chosen in the 

middle of an extended Maerl bed covering several hectares to ensure that the footprint was 

consistently smaller than the bed edges. 

 

Also, it is well known that Maerl beds shelter large macrobenthic organisms including worms, 

bivalves, crustaceans and echinoderms (Kamenos et al., 2004a, Kamenos et al., 2004b, Grall 

et al., 2006, Attard et al., 2015). They also represent nursery grounds for numerous species 

of demersal fish (Kamenos et al., 2004a, Kamenos et al., 2004b). The presence of large bio-

irrigating animals enhances sediment reworking and bioirrigation processes, which in turn 

stimulates the microbial respiration, and leads to higher sediment O2 uptakes. For 

instance, Yahel et al. (2008) estimated that silty sediment resuspension induced by benthic 

fish could increase benthic O2 demand up to 3.5-fold. Due to patchy distributions of large 

benthic organisms, BC methodology tends to underestimate the effects 

of bioturbation processes and CR. It could thus partly explain the lower positive O2 fluxes 

measured over the Maerl bed station by EC catching a more realistic in situ CR. Attard et al. 

(2015) also highlighted, over Maerl beds in Loch Sween, large variations between their BC 

replicates and indorsed the difficulty of the method to integrate larger spatial scales and 

resolve an O2 uptake representative of the whole benthic community. In any case, our 

assumption (possible CR underestimation with BC) verified during daytime but not during 

nighttime periods would deserve longer deployments to address the influence of spatial 

heterogeneity on O2 flux measurements along with methodological artifacts and temporal 

resolutions. 

 

Benthic flux technique comparison over bare cohesive soft sediment substrates 

Contrary to the non-cohesive Maerl bed site, an overall good agreement was found between 

EC and BC O2 flux measurements over the cohesive bare muddy sediment site. Indeed, no 

significant differences in benthic O2 fluxes were measured using simultaneously BC and EC 

methodologies suggesting that in homogeneous biotopes such as bare muddy sediments, the 

BC methodology allows for accurate benthic O2 flux measurements (Fig. 5, Table 1, Table 

2). Berg et al. (2003) also documented a great similarity in benthic O2 fluxes measured by EC 

and BC elsewhere in temperate bare muddy sediments (Table 2). Our results also suggest a 

good BC representation of in situ faunal activity (probably dominated by smaller animals) 

over homogeneous soft bottom cohesive sediments characterized by lower mesoscale 

heterogeneity. Additionally, the good correspondence between both techniques could reveal a 

weaker influence of environmental parameters, such as light or tidal currents on O2 fluxes at 

the muddy station (Fig. 4, Table 1). Indeed, these parameters showed lower mean values and 

ranges of variations during the deployment compared to the Maerl site. In particular, the very 

low irradiance values did not allow recording NCP whatever the sampling technique and did 

https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/porewater
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b21
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b21
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b47
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#fig3
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#fig5
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#tbl1
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b57
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b57
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#tbl1
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b30
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b31
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b23
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b23
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b2
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/agricultural-and-biological-sciences/demersal-fish
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b30
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b31
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b58
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/resuspension
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/agricultural-and-biological-sciences/bioturbation
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b2
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b2
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/benthos
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/flux-measurement
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#fig5
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#tbl1
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#tbl2
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#tbl2
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#b7
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#tbl2
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/cohesive-sediment
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/tidal-current
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#fig4
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S2352485521000608#tbl1


rather correspond to CR (Table 1, Table 2). To the contrary, even in relatively homogeneous 

habitats, large benthic O2 exchange differences could occur between the two techniques as 

soon as sporadic short-term events such as storms happen during measurements. Camillini et 

al. (in press) showed over a Zostera marina station in the Baltic Sea, the occurrence of 

elevated flow speeds and associated sediment resuspension could induce a 5-fold increase in 

the O2 uptake rates measured by EC compared to BC due to reduced compound (FeSx) 

reoxidation during resuspension. 

 

Another reason of this good matching relies on the EC data quality procedure we adopted 

during this study. One important assumption that must fulfill EC techniques is to measure 

vertical turbulent fluxes during stationary conditions. To our knowledge, although numerous 

studies have considered non-steady state conditions in their flux filtering protocol, it is the 

first time that an aquatic EC study applies robust stationary tests coming from the atmospheric 

EC technique to identify non-stationary conditions and remove it from the measured datasets 

(see M&M Section 2.3.1 and associated references). Despite a smaller EC burst number 

retained, it results in robust and real EC flux variations that better match those measured with 

BC. For instance, at the muddy sediment station between 16:22 and 16:52, non-stationary 

conditions occurred with a mean velocity decreasing from 4.2 to 3 cm s−1 that led to 

an O2 flux shift from −34.9 to 6.5 mmol m−2 d−1 (Fig. 4). This latter artificial positive flux 

value was identified and removed. Overall, the EC data quality procedure previously 

described allowed catching real EC O2 flux variations (−43.1 to 12.1 mmol m−2 d−1 instead of 

−48.4 to 18.6 mmol m−2 d−1 without stationary tests) that better matched BC 

flux measurements (−14.6 to −2.4 mmol m−2 d−1, Table 1). 
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Fig. 6. Benthic O2 fluxes measured by EC over the Maerl bed station plotted as 

a function of photosynthetically active radiation (PAR) and water height (H). 

A) FO2=0.6 ± 0.1PAR – 13.2 ± 6.5 (R2=0.76∗, p < 0.0001, n = 17). (B) 

FO2=54.1 ± 8.1H – 291.4 ± 47.4 (R2=0.75∗, p < 0.0001, n = 17). 
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4.2. Short-term variations in benthic O2 exchange and associated flux controls 

Environmental control of benthic fluxes over non-cohesive 
Maerl substrates 
 
In the coastal ocean, larger amounts of light generally reach the bottom 
floor due to shallow depths particularly, which allows in turn benthic 
primary production. Several studies have quantified this light influence on 
benthic primary production. For instance, Attard et al. (2014) Attard et al. 
(2015) showed that light was the main driver of benthic O2 production at a 
coralline red algae site in a Southwest Greenland fjord and at a Maerl site 
located in the Loch Sween. Over the Maerl bed station of the Bay of Brest, 
the highest NCP values were reached during the periods exhibiting highest 
PAR values and short temporal variations in O2 fluxes driven by light were 
observed. The sudden PAR drop, due to possible turbid riverine inputs with 
the ebbing tide, led to an 8-fold decrease in benthic O2 exchange within 
30 min (Fig. 3A). This relationship resulted in a significant positive 
correlation between EC O2 flux and PAR values (Fig. 6A). Martin et al. 
(2005) precisely showed from P–E curve calculations that available 
irradiance was the major factor influencing primary production of Maerl 
beds in the Bay of Brest, explaining up to 94% of benthic exchange. EC 
studies carried out by Attard et al. (2014) Attard et al. (2015) showed that 
low light levels were sufficient to drive a net autotrophic status response 
with compensation irradiance (Ic) values (derived from simple linear fit 
models) of 6 and 16μmol m−2 s−1, respectively. These Ic values are in good 
agreement with the value of 22.7μmol m−2 s−1 estimated in the present study 
but lower than the spring value calculated by Martin et al. (2005) of 
107.5μmol m−2 s−1 in a nearby Maerl bed in the Bay of Brest. This high value, 
in opposition to normal responses of communities dominated by red algae 
typically low light adapted, could be attributed according to authors, to a 
major photosynthetic contribution of epiphytic macro- and microalgae to 
the total community production. 
 
Differences observed between EC and BC O2 exchange at this station 
(Fig. 5) suggest the occurrence of other environmental parameters than 
PAR as controlling factors. Particularly, local hydrodynamics are expected 
to significantly influence benthic O2 fluxes inducing short-term variability 
(Holtappels et al., 2013). Attard et al. (2015) computed EC O2 exchange 
versus flow velocity in darkness at the Maerl station in Loch Sween, with a 
seasonal trend in the slope of the regression (i.e. smaller slope in winter). In 
the Bay of Brest, we had no correlation between the current 
velocity and O2 flux since current velocity range was much lower at this 
station compared to Loch Sween. However, tidally driven water height 
significantly influenced O2 fluxes with mostly positive values measured as 
soon as water height was higher than 5.6 meters (Fig. 6B). Indeed, at the 
end of the flooding tide at this station, clearer waters with more available 
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light would have allowed a higher photosynthetic activity of Maerl beds. In 
contrast to this, during the next part of the deployment, the presence of 
riverine turbid water bodies coming with the ebbing tide and more 
specifically current-induced turbidity generated a strong decrease in bottom 
PAR and could have led to the decrease observed in EC O2 flux. Berg et al. 
(2013) discussed the sudden effect of light on O2 production that is largely 
decoupled from current flow patterns, except in the case of current-induced 
turbidity. These results show that the aquatic EC technique, through high-
resolution flux measurements, helps to resolve the strong dynamic of 
benthic O2 exchange observed over such coastal systems. Further and 
longer EC deployments along with water turbidity measurements are 
however necessary and should allow decoupling the superimposition of 
environmental forcing to better understand their influence on 
benthic O2 fluxes. 
 
Environmental control of benthic fluxes over bare muddy 
sediments 
Large variations in benthic O2 exchange were recorded at the bare muddy 
station (Fig. 4). Light availability cannot explain these variations as 
suggested by PAR values below 10μmol m−2 s−1 during most of the 
deployment time. This low light level at the sediment–water interface was 
likely due to higher water height and higher turbidity values compared to 
the Maerl station. Over shallower (4.2 ± 2.5 m) bare sediments in winter in 
the Bay of Brest, Ni Longphuirt et al. (2007) estimated from P–E curve 
calculations, minimum saturating irradiance values (Ek) of 57.8 ±28.7μmol 
m−2 s−1. The microphytobenthic production was thus not light-limited at 4 m 
depth in the study of Ni Longphuirt et al. (2007), in contrast to our deeper 
(10.4 ± 0.5 m) muddy site (PAR: 6.9 ±3.7μmol m−2 s−1). Interestingly, the 
present study did not point out correlations between O2 fluxes and 
hydrodynamic parameters. In the Bay of Brest, current velocity variations at 
the muddy station were weak between consecutive bursts retained after our 
quality EC data procedure. Nevertheless, a decrease in current velocity of 
only 2 cm s−1 led to a decrease in O2 uptake by at least a factor of two 
(e.g. from 16:22 to 17:07, the velocity decreased from 4.2 to 2.4 cm 
s−1 while O2 uptake decreased from −34.9 to −17.8 mmol m−2 d−1; Fig. 4). 
Transient flow velocities and water hydrodynamic more generally, could 
then explain a significant part of the variability observed our EC fluxes 
during the tidal cycle as furthermore highlighted by Holtappels et al. 
(2013) through theoretical EC flux calculations and turbulence modeling 
applied to field data. 
 
4.3. Benthic metabolism of the contrasted biotopes studied in the Bay of Brest 
Primary production and respiration of coralline 
algae communities 
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Coralline algae-dominated communities, associated with abundant 
heterotrophic organisms living in the sub-layers of cohesive muddy 
sediments, form a complex habitat largely involved in nutrient and organic 
matter recycling (Barbera et al., 2003, Martin et al., 2007b). In temperate 
regions, slow-growing algae such as Maerl beds can significantly contribute 
to the benthic primary production (Roberts et al., 2002, Martin et al., 
2005). We measured by EC and BC techniques net community production 
(NCP) (Table 1) that are consistent with previously published values and 
reveal a strong contribution of Maerl beds and associated autotrophic 
organisms to the benthic primary production. Attard et al. (2015) observed 
under similar environmental conditions, though lower PAR values were 
reported, a close net daytime production on average over Maerl beds in the 
temperate Loch Sween (Table 2). Martin et al. (2007b), in winter over a 
Maerl bed located in the southern basin of the Bay of Brest, measured by BC 
under very similar light conditions, a similar average NCP value (Table 2). 
These measurements highlight the potential low-light adaptation of Maerl 
communities in the terrestrial-influenced turbid water masses at this 
location in the Bay of Brest, close to the Elorn River. The study of Attard et 
al. (2015) resolved this low-light adaptation of temperate Maerl beds, when 
measuring the highest mean rate of daytime net O2 release in winter. The 
low value of minimum saturating irradiance estimated by Ni Longphuirt et 
al. (2007) in winter in the Bay of Brest also suggested an adaptation of the 
microphytobenthic communities associated with Maerl beds to the reduced 
light levels reaching the sediment–water interface. 
 
Despite their high productivity, coralline-dominated communities remain 
generally heterotrophic with community respiration (CR) values for 
temperate systems in the range of the benthic communities dominated by 
macroalgae, i.e. from −72 to −240 mmol m−2 d−1 (Middelburg et al., 2004). 
Indeed, these high-biodiversity communities host a number of 
heterotrophic organisms (microbial, microfauna, larger grazers) and sustain 
intense organic matter mineralization (Martin et al., 2005). In the southern 
part of the Bay of Brest, Martin et al., 2005, Martin et al., 2007b concluded 
from their seasonal surveys that maerl communities were heterotrophic 
systems (Table 2). Despite substantial benthic primary production, Attard 
et al. (2015) also concluded after 300 h of EC and BC measurements that 
Maerl beds in Loch Sween were net heterotrophic during each seasonal 
sampling campaign (Table 2). The present EC measurements also suggested 
a near-balanced or heterotrophic status of Maerl beds in the Bay of Brest, 
although longer deployments should be required to confirm this metabolic 
status. Assuming 9.6 daylight hours (Meteo France data), daily O2 fluxes 
estimated from hourly BC flux values revealed a net autotrophic status of 
Maerl beds with a positive NCP of 35.0 ± 5.8 mmol m−2 d−1. Positive NCP 
values obtained by BC in the present study seemed to be due to lower CR 
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values compared to those measured by Martin et al., 2005, Martin et al., 
2007b in the Bay using the same technique (Table 2). 
 
Benthic metabolism of bare muddy sediments 
 
Sediment O2 uptakes through EC measurements (Table 1) were mainly 
noticed at the bare muddy station as observed elsewhere in other EC studies 
(Table 2). Our EC and BC measurements are in good agreement with CR 
values measured by Martin et al. (2007a) in winter in the Bay of Brest; dark 
BC were deployed over a muddy station covered by low densities 
of Crepidula fornicata. Ni Longphuirt et al. (2007) also found very similar 
CR values in winter, with the same BC technique, at a bare sediment site in 
the Brest Strait without any C. fornicata or coralline algae (Table 2). 
Assuming 9.7 daylight hours (Meteo France data) during the day of 
deployment, daily O2 fluxes estimated from hourly BC flux values revealed a 
slightly net heterotrophic status of bare muddy sediments in the Bay of 
Brest with GPP and CR values of 3.9 ± 2.3 and −7.6 ± 4.0 mmol m−2 d−1, 
respectively (Table 2). The few positive O2 flux values measured at our 
station suggest a certain O2 production 
by microphytobenthos communities, though limited by reduced light 
availability. The same result was found in BC data, when comparing 
net O2 fluxes between light and dark incubations (Fig. 4). However, these 
microphytobenthic production values are far below those estimated 
by Ni Longphuirt et al. (2007) in winter over shallower bare sediments in 
the Bay of Brest from biomass-irradiance relationships obtained in one 
specific site (GPP: 15.3 ± 6.4 mmol m−2 d−1). 
 
Conclusion: perspectives and implications for the global 
functioning of the Bay 
 
This study performed measurements of benthic O2 exchange by aquatic EC 
and BC techniques over contrasting coastal biotopes: a non-cohesive Maerl 
substrate vs. cohesive bare muddy sediments in the Bay of Brest (France). 
Using both techniques, and based on our specific winter measurements, 
opposed ecological functioning were found since Maerl bed communities 
and muddy sediments generally released and consumed O2, respectively. 
The present study highlights that O2 flux variations and their controlling 
factors can be captured by the EC technique on comparable spatial and 
temporal scales. It shows the real potential of the EC technique in 
benthic O2 flux assessment under true in situ conditions over large spatial 
and temporal scales. However, our knowledge of flux dynamics is still 
limited due to the complexity of flux controlling factors and their 
interactions. Efforts involving multidisciplinary methodological approaches 
(with simultaneous EC and BC deployments) are clearly necessary to go 
further in our comprehension of factors controlling benthic O2 exchange. 
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Such approaches will allow understanding at a larger scale the ecological 
and biogeochemical functioning of coastal sedimentary areas, which are 
well known to be systems particularly complex with a high degree of 
heterogeneity (Stockdale et al., 2009). 
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