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Abstract:

This paper deals with the spatial and seasonal recycling of organic matter in sediments of two
temperate small estuaries (Elorn and Aulne, France). The spatio-temporal distribution of oxygen,
nutrient and metal concentrations as well as the organic carbon and nitrogen contents in surficial
sediments were determined and diffusive oxygen fluxes were calculated. In order to assess the source
of organic carbon (OC) in the two estuaries, the isotopic composition of carbon (6 * C) was also
measured. The temporal variation of organic matter recycling was studied during four seasons in order
to understand the driving forces of sediment mineralization and storage in these temperate estuaries.
Low spatial variability of vertical profiles of oxygen, nutrient, and metal concentrations and diffusive
oxygen fluxes were monitored at the station scale (within meters of the exact location) and cross-
section scale. We observed diffusive oxygen fluxes around 15 mmol m™day™" in the Elorn estuary
and 10 mmol m™ day in the Aulne estuary. The outer (marine) stations of the two estuaries
displayed similar diffusive O, fluxes. Suboxic and anoxic mineralization was large in the sediments
from the two estuaries as shown by the rapid removal of very high bottom water concentrations of NO

~ (>200 pM) and the large NH, " increase at depth at all stations. OC contents and C/N ratios were
hlgh in upstream sediments (11-15 % d.w. and 4-6, respectively) and decreased downstream to
values around 2 % d.w. and C/N < 10. 5 *°C values show that the organic matter has different origins
in the two watersheds as exemplified by lower & **C values in the Aulne watershed. A high increase of
5 *C and C/N values was visible in the two estuaries from upstream to downstream indicating a
progressive mixing of terrestrial with marine organic matter. The Elorn estuary is influenced by human
activities in its watershed (urban area, animal farming) which suggest the input of labile organic matter,
whereas the Aulne estuary displays larger river primary production which can be either mineralized in
the water column or transferred to the lower estuary, thus leaving a lower mineralization in Aulne than
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the water column or transferred to the lower estuary, thus leaving a lower mineralization in Aulne than
Elorn estuary. This study highlights that (1) meter scale heterogeneity of benthic biogeochemical
properties can be low in small and linear macrotidal estuaries, (2) two estuaries that are
geographically close can show different pattern of organic matter origin and recycling related to human
activities on watersheds, (3) small estuaries can have an important role in recycling and retention of
organic matter.

1. Introduction

This paper pays tribute to the vast work of Fred Mackenzie who has been a pioneer and a continuous
contributor to the quantification of fluxes between the continent and the ocean. In the spirit of Fred’s
vision which goes from local investigation of processes to the global scale quantification, this paper
deals with local
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observations of two specific estuaries on a seasonal basis linked to generalized retention and alteration processes
of carbon and nitrogen during its transfer between the continent and the coastal zone.

Estuaries are important filters for both dissolved and particulate components originating from land (Bopp et al.
1982; Nixon et al. 1996; Rabouille et al. 2001; Cloern and Jassby 2012 and references therein), which are
ultimately transferred to the coastal sea. A variable proportion of nutrients is consumed by primary production
and heterotrophic microbial activity (Cloern 1996), whereas dissolved and particulate carbon is recycled in
estuaries (Raymond and Bauer 2001) leading to heterotrophic estuaries representing a net source of CO, to the
atmosphere (Borges 2005). As a consequence, the organic matter deposited in estuarine sediments originates
from autochtonous as well as allochtonous sources (terrestrial, marine) (Cifuentes et al. 1988). Estuarine
sediments are important environments regulating carbon, nutrient, metal and sulfur fluxes. The top layers of
these sediments are known for their high biogeochemical activity due to organic matter mineralization by a
consortium of bacteria using different electron acceptors (oxygen, nitrate, metal oxides, sulfate). Oxygen (O,)
plays an important role in the turnover of organic matter in sediments (Glud 2008) and in the re-oxidation of
reduced compounds originating from anoxic mineralization, diffusing up to the oxic zone from deeper layers
(Canfield et al. 1993; Deflandre et al. 2002; Pastor et al. 2011a). Denitrification and alternative nitrate removal
pathways (Seitzinger 1998; Burgin and Hamilton 2007) that occur in marine and estuarine sediments are also
very important in regulating fixed nitrogen fluxes to the coastal zone. Finally, sulfate reduction and
methanogenesis are major processes of organic matter degradation in shallow water sediments, which contribute
to the overall mineralization of organic carbon and may contribute to the reduction of carbon inputs to the
coastal sea (e.g. Middelburg, et al. 1995; Meiggs and Taillefert 2011).

The Elorn and Aulne estuaries are two temperate small estuaries located in Northwestern France. Intense
agricultural activity in the watersheds has led to high riverine nitrate inputs, which recurrently lead to green algal
blooms downstream of the Elorn Estuary. In spite of these local symptoms, the macrotidal Bay of Brest resists to
major eutrophication due to the intense mixing with oceanic waters and to the presence of an invasive benthic
filter feeder (Le Pape et al. 1996; Ragueneau et al. 2002; Laruelle et al. 2009). Even if the two estuaries are
geographically close, they are characterized by different morphology and by different estuarine and watershed
characteristics, which potentially control organic matter quality and recycling together with nutrient fate in the
estuary.

The aim of this study is to determine the spatial and temporal variability of carbon, oxygen and nutrient

dynamics in sediments of these two small temperate and macrotidal estuaries in order to evaluate the retention
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and transformation capacity. The originality of this study is to evaluate the variability of retention and
transformation capacity in temperate estuaries that are geographically close, and to link the differences observed
with their properties. Therefore, we examined the spatio-temporal distribution of benthic oxygen, pore water
nutrients and metals (NO,’, NH,*, Fe**, Mn*", SO,* and H,S) along the salinity gradients during four seasons. In
addition, we compared small scale heterogeneity of in-situ oxygen microprofiles and porewater profiles to
variations at the estuarine scale. Furthermore, the source of the organic carbon in the two estuaries was assessed
by its isotopic composition. Finally, we explored the effect of different environmental parameters, such as in-situ
temperature, salinity, bottom water oxygenation, organic matter input on the organic matter cycling in these

estuarine sediments.

2 Materials and methods

2.1 Study sites

The Elorn and Aulne estuaries are located at the interface between the rivers and the semi-enclosed Bay
of Brest in Northwestern France (Fig.1). Riverine waters entering these shallow estuaries are particularly rich in
nutrients, essentially nitrate, in response to intensive agriculture in the watersheds (Del Amo 1996; Ragueneau et
al. 2002). Although the Elorn watershed is 8 times smaller than the Aulne watershed (280 versus 1822 km?), this
system is impacted by a higher population (285000 versus 70000 habitants). By its location in Northwerstern
France, the whole domain is exposed to an oceanic climate. High precipitation associated to frequent storms are
thus observed during winter, which lead to seasonal fluctuations of river discharge from winter (42 and 189 m®s”
' in 2009) to summer (1.0 and 1.7 m*® s in 2009) in Elorn and Aulne rivers (Banque HYDRO,

http://www.hydro.eaufrance.fr). Even if exposed to similar climate by their proximity, the two estuaries differ by

their morphology. While the Elorn Estuary is shorter (~ 15 km), straight and more directly exposed to marine
hydrodynamic influence, the Aulne estuary is longer (~ 35 km), meandering and more protected by the Bay of

Brest.

2.2. Field sampling
Sediment core samples were collected along the Elorn and Aulne estuaries during four cruises in
February, May, July and October/November 2009. Sampling was undertaken in the inner (stations E1 and A1),

mid (stations E2 and A2) and outer (stations E3 and A3) Elorn and Aulne estuaries (Fig.1). Samples were
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collected in subtidal shores - between the channel and the border - at mid-tide. Each station was sampled a
different day to collect all samples at mid tide. Sediment cores were additionally sampled along the transversal
section in the mid Elorn Estuary. The stations (named E2, b, ¢, d and e) were homogeneously spaced from the
left to the right side of the cross-section (75 m width; Fig.1). Sediment cores were sampled from a semi-rigid
boat with a gravity corer (UWITEC®) equipped with Plexiglas tubes (8.6-cm internal diameter x 60-cm long).
Corer weight allowed 25-45 cm penetration into the sediment without disturbing the sediment-water interface.
Sampling was performed on board the N/O Cdétes de la Manche anchored at a fixed position. A total of 5
sediment cores were simultaneously sampled at each station: 1 core for oxygen profile measurements (n>3), 3
cores for porosity, nutrient and metal concentrations in pore waters (n=3), and 1 core for salinity, sulfate and
sulfide concentrations in pore waters (n=1). Bottom water samples were taken with a Niskin bottle for oxygen
measurement. The transfer of water from the Niskin bottle to the three Winkler bottles was carefully performed
avoiding water bubbles. Reagents were immediately added and bottles were closed. Temperature and salinity of
overlying waters were recorded immediately after sampling and core were capped and brought back to the main

research ship (maximum 1 hour).

2.3 Solid-phase analyses

Triplicate sediment cores were immediately sliced at 0.5 cm intervals in the first 2 cm, at 1 cm intervals
for 2-4 cm, at 2 cm intervals for 4-12 cm, and at 4 cm intervals for 12-20 cm. An aliquot of the sediment was
placed in a vial for porosity measurements. Sediment porosity was determined by drying wet sediment of precise

volume at 60°C for 5 days and determining the loss of weight (Berner 1980).

The total nitrogen and organic carbon contents were measured in surficial sediments collected in February, May,
July and October 2009 for all stations. In February 2009, the 0-0.5 cm depth was measured for all stations, and
additionnal the 2-3, 8-10 and 16-20 cm depths were analyzed in intermediate estuaries. As the composition of the
upper sediment layer was very homogeneous down to 3 cm, a 50/50 mix of the 0-0.5 and 2-3 cm depth was
analyzed for all other cruises. We used an automatic Carlo Erba NA1500 analyser, after removal of the carbonate
fraction by dissolution in HCI 1.2N. Organic carbon and total nitrogen concentrations were expressed as the
percentage of sediment dry weight (% d.w.). The average standard deviation of each measurement, determined
by replicate analyses of the same sample, was £0.05% d.w. for total nitrogen (TN) and +0.03% d.w. for organic
carbon (OC). Stable isotopic composition of the sedimentary organic carbon (5'°C) was determined with

continuous flow FINNIGAN Delta plus XP mass spectrometer, which was directly coupled to the CHN analyser
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(Gauthier and Hatté 2007). 8**C values were expressed as the relative difference between isotopic ratios in the
sample and in conventional standards (Vienna Pee Dee Belemnite) .

| (®°c/*®C) sample

s¥C = EcTig) pop <1000

Isotopic results were obtained with uncertainties of £ 0.2%o as determined from routine replicate measurements.

2.4 Oxygen profiles

On board the ship, sediment cores were immediately placed in a refrigerating loop with a monitoring of
temperature and brought back to their initial temperature while bubbled with air. The maximum temperature
difference between sampling and ship recovery was < 2°C. The efficiency of the refrigerating loop was increased
by the circulation of the overlying water into a cold bath, which brought this water back to the sampling
temperature within 1 hour. Oxygen profiles in pore waters were performed on board using Clark type

polarographic oxygen microsensors provided with a built-in reference and an internal guard cathode (Revsbech
1989). The sensors have an outer tip diameter of 50 pum and were manufactured by Unisense (Arhus, DK).

The sensors were operated with a motor-driven micromanipulator and the sensor current was measured with a
picoamperometer connected to an A-D converter, which transferred the signals to a PC (Revsbech and Jgrgensen
1986). At each site, a minimum of 3 oxygen profiles was performed in the same core. Linear calibration of
microelectrodes was achieved between bottom water oxygenation estimated by Winkler titration (Grasshoff et al.
1983) and anoxic (i.e. oxygen-free) sediments. The vertical resolution of measurements was 100-200 um. The
position of the sediment-water interface (SWI) relative to the in-situ oxygen profiles was determined using a
modified version of the technique of Sweerts and De Beer (1989) which defined the SWI as the first point in the
oxygen gradient, after the initial linear oxygen decrease in the diffusive boundary layer, with a slope increase of

more than 20%.

2.5 Pore water analyses

Sediment aliquots for nutrient, metals and salinity analyses were placed in sealed 50 ml centrifuge tubes
containing Vectaspin 20 filters (0.45 um pore size, Whatman®) according to Andrieux-Loyer et al. (2008). Pore
water was extracted by centrifuging at 3075 g for 10 min (2 times) at 4°C and acidified to pH 2 for further
nutrient (NO, and NH,") and metal (Fe?*, Mn?") analyses. NO, and NH," concentrations were analyzed using

segmented flow analysis (SFA; Aminot et al. 2009). Fe?* concentrations were measured with the ferrozine
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method (Sarradin et al. 2005) and Mn?* concentrations with the leuco-malachite green method (Resing and Mottl
1992), both adapted for SFA. The precision of the analysis was 0.5 %.

One additional core per site was equipped with Rhizons and polypropylene syringes (Seeberg-Elverfeldt et al.
2005), allowing sampling of the pore water at different depth intervals. The Rhizons were placed at 1cm
intervals. The pore water collected at the different depths was kept at 4°C until analysis. An aliquot of the sample
(200 pl) was distributed in pre-acidified tubes (HCI normapur, 102 M) for sulfate analysis. BaCl, plus gelatin
reagent was added to precipitate barium sulfate and maintain barite precipitate in suspension. Turbidity was
recorded at 470 nm (Tabatabai 1974). A sample fraction for XH,S analysis (200 pl) was immediately transferred
to a tube containing 3 ml of a trap solution consisting of zinc chloride (1.5x102 M) and gelatin (3g I"}) to
precipitate ZnS (preventing sulfide oxidation and gas loss). When necessary, samples were diluted with NaCl
stock solution whose composition matched surface seawater salinity. Total hydrogen sulfide concentrations were
measured by the methylene blue method (Merck Spectroquant® 14779; A=660 nm). Standards were prepared
with a daily made Na,S stock solution (~10 mM). Salinity was measured by conductivity against a S=35 OSIL

standard.

2.6 Diffusive oxygen flux calculations

Diffusive oxygen uptake (DOU) was calculated from O, concentration gradients at the sediment-water

do
interface by using the 1-D Fick’s first law of diffusion: DOU = ¢ D{ r 2
X

} where ¢ is the porosity, Ds is
x=0

do,

dx

the O, diffusion coefficient within the sediment and { Lo is the oxygen gradient just below the sediment—

0o,

@2

water interface (estimated from the profiles). D; was estimated as D = .D 0% is the molecular diffusion
2

coefficient of O, (cm2 s™) at in situ temperature, salinity and hydrostatic pressure and was evaluated using tables
from Broecker and Peng (1974). The oxygen gradient was estimated over 400 to 600 microns depending on the
resolution of the profiles.

In order to establish a seasonal comparison of fluxes without temperature effect, O, fluxes obtained previously at
in situ temperature were all recalculated for a standard temperature of 10°C. A temperature coefficient Qo was
applied to the O, fluxes. The Qy, represents the factor by which the bacterial activity increases for a rise of 10°C

by the temperature (Thamdrup et al. 1998). This rate corresponds to the diffusive demand of oxygen related to
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the bacterial mineralization activity and a value of Qyo of 2.5 was assumed. The diffusive demand of oxygen at a

given temperature T (DOU+) was obtained using:

DOU Ti
DOU ; = Ty eq.1
2.5 |

Where Qg = 2.5, DOUFy; is the diffusive demand of oxygen at initial temperature Ti, Ti the initial temperature

and T the final temperature.

2.7 Statistical analyses

Non-parametric Mann Whitney tests were used to compare oxygen penetration depths (OPD) and fluxes
at different stations in each estuary and the potential seasonal differences of OPD and fluxes for a given station.
We used the non-parametric Kruskal Wallis test to check the differences between stations in each estuary or
between seasons for a given station. The Mann Whitney test was used to define which station (or season) was
different from the other. For all tests, statistical differences were significant for p < 0.05. The station E1 in

February was not included in the statistics because only one profile was measured.

3 Results
3.1 River parameters

Wind speed amplitude, frequency, precipitations and river discharges were higher during winter and fall
than in spring and summer (Raimonet 2011). For each estuary and at each season, sampling was undertaken at
three different stations along the salinity gradient. Environmental parameters for each station and season are
given in Table 1 and are described below. The high winter Elorn and Aulne river discharges increased up to 30
and 130 m® s, respectively, at the beginning of sampling in February, and decreased by a factor > 2 at the end of
the sampling period. The Aulne River discharge was higher than the Elorn River discharge by a factor of ~ 3
during winter but similar or occasionally lower during summer.

In each estuary, the inner station was generally characterized by freshwater (salinity=0; Table 1) and brackish
waters in October. The mid station was located in the mixing zone between fresh riverine water and salt water
with a salinity ranging from 13-17 in February to 30 in October. The outer station was located near the mouth of
each estuary and presented an average salinity higher than 20 and 30 in the Elorn and Aulne estuaries,

respectively. The salinity at the outer station was always higher in the Elorn than the Aulne Estuary. As these
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estuaries are shallow, samplings in subtidal shores were carried out between 1 and 8 m depth. The bottom water
temperatures followed a seasonal pattern and varied between a minimum of 7.4°C in February and a maximum
of 19.7°C in July. The water temperatures were similar in the Elorn and Aulne estuaries during the different
seasons. We observed a decrease in bottom water O, concentrations from February to October for both estuaries.

The water O, concentrations were higher in the Aulne than Elorn Estuary, except in May.

3.2 Variability at small spatial scales

Spatial variations were studied at various small scales in May 2009 in the mid Elorn Estuary (station
E2), at the centimeter scale (intra-core O, profiles and fluxes), at the meter scale (triplicate cores #1, #2 and #3)
and along the cross-river section (stations E2, b, ¢, d and e). Fig.2 shows vertical profiles of O,, NO,, NH,", Fe**
and Mn?" concentrations and diffusive O, uptakes (DOU) calculated at the centimeter and meter scales (left
panels) and along the cross-section (right panels). Similar variability of O,, nutrient and metal profiles were
observed at the centimeter and meter scales and along the cross-section. Oxygen penetration depth (OPD) and
DOU observed in a core sampled at station E2 (OPD: 1.7-2.5 mm; DOU: 23 + 1 mmol m™ day™; Fig.2a) were
similar to the values measured along the transversal estuarine section (OPD: 1.7-2.1 mm; DOU: 20-22 mmol m™
day™). The penetration depth of NO,” was always 1.5-2.5 cm depth (Fig.2c). The same trends were observed for
the vertical profiles of NH,*, PO,* and Si(OH), concentrations (the two latter are not shown; see Raimonet et al.
in review) regardless of the small spatial scale. Pore water NH," concentrations increased with depth with a
lower concentration gradient generally observed between 6 and 12 cm depth. Pore water NH," concentrations
were in the range of 20-250 puM except at deeper depth where concentrations reached up to 1000 pM at 18 cm at
station E2. The lowest NH," concentrations were measured in and around the channel (at stations b, c, d),
whereas the highest concentrations were measured in subtidal shores (at 0-8 cm depth at station e, and below 8
cm at station E2). Maximal Mn?*" concentrations were always observed between 0 and 2 cm depth. Low
variations in the vertical Mn**profiles were observed at all stations, except higher Mn®* concentrations in the first
1.5 cm depth in the channel (note that there is no data between 1.5 and 6 cm). The vertical Fe®* concentration
profiles were more variable than other elements at the centimeter and meter scale and along the transversal
section. The shape of the vertical Fe** concentration profiles was however similar with concentration peaks
observed down to the maximal Mn?* concentrations. As for NH,* concentrations, the lowest Mn?* concentrations

were observed close to the channel.



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

3.3 Intra- and inter-estuary spatial variability

3.3.1 Porosity and salinity

Porosity generally decreased with depth at all stations in February and May, ranging between 0.67-0.95
regardless of stations and seasons (Fig.3). Several vertical discontinuities were observed however in the inner
and mid Elorn Estuary in February and in the mid and outer Aulne Estuary in May. Salinity slightly increased
with depth at all stations in February and in the inner Elorn Estuary (E1) in May. Except for station E1, salinity
was constant over depth at all stations in May (Fig.4). In both estuaries, salinity increased from the inner to the

outer estuaries.

3.3.2  Organic carbon and isotopic composition in surface sediments

Both estuaries had similar organic carbon contents in February and showed large variations along the
salinity gradient during the other seasons (Fig.5a and b). Low organic carbon contents were observed in outer
estuaries (stations E3 and A3). Most organic carbon contents ranged between 1.5 and 6.0% d.w. in both
estuaries, with higher values (~7.0% d.w.) at E1 in July and at A2 in October. Organic carbon contents generally
decreased downstream, except in October in both estuaries and in July in the Elorn Estuary where the mid
brackish station showed a larger organic carbon content than the upper freshwater station. Organic carbon
contents were always lower at the outer than upper stations.
The Fig.5¢c and d show the carbon to nitrogen molar ratios (C/N) in surficial sediments for the different seasons.
Inner and mid estuaries (stations 1 and 2) displayed similar C/N ratios > 10, except in the Elorn Estuary in
October. Outer estuaries (station 3) always showed values <9 in the Elorn Estuary and between 9 and 11 in the

Aulne Estuary.

O"C values were generally higher in the Elorn than the Aulne Estuary (Fig.5e and f). 5"°C values were
similar in all seasons in the inner and mid Elorn and Aulne estuaries, except in October in the Aulne Estuary.

The outer estuary (station 3) showed higher values than inner and mid stations for both estuaries, this difference

being larger in the Elorn than the Aulne Estuary. S"C values were seasonally stable in the Elorn Estuary,

whereas they showed a 0.6-0.7%o decrease from February to October in the Aulne Estuary.
3.3.3  Oxygen profiles

The O, bottom water concentrations (O,,,) decreased by about 20 % along the salinity gradient in each

estuary in February (Fig.6a and b). At other seasons, except in July in the Aulne Estuary, there was a decrease

10
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from inner to mid estuaries but low variations in the outer estuaries (Fig.6¢c and h). The decrease in Oy,
concentrations slightly coincided with a decrease in the thickness of the oxic zone.

The O, penetration depth was low and varied from 1.15 + 0.10 mm at E2 in February to 5.10 + 0.42 mm at A3 in
February. Overall, the O, penetration depths were larger in the Aulne than the Elorn Estuary (Fig.6i and j).
Penetration depths of O, were generally lower at mid stations (A2 and E2) than outer stations (A3 and E3).
There was a difference between the inner estuary stations of the Aulne and Elorn estuaries. In the inner estuaries,
the penetration depth of O, was larger in the Aulne (A1) than Elorn sediments (E1). Penetration depths of O,
were only slightly higher at the inner station E1 than at the mid station E2. There was no seasonal trend for O,

penetration depth in sediments of these two estuaries.

3.3.4  Nutrient and metal profiles

Inorganic oxidized nitrogen (NO,) concentrations in the overlying water (Fig.7a and b, 8a and b) were
the highest in the inner and mid Elorn stations, varying between 500-520 uM (E1) and 150-498 uM (E2). Lower
concentrations, between 7 and 63 puM, were measured in the outer estuary (E3). In addition to this difference
along the estuary, NO,  concentrations decreased between February and May for the inner and intermediate
stations E2 and E3. In the Aulne Estuary, pore water NO,~ concentrations decreased from inner estuary (Al: 145-
250 pM) to outer or mid estuary (around 30-100 puM) and from February to May at A1 and A3. An increase from
February to May was observed at A2 (from 13 to 65 uM).
Pore water NO, profiles exhibited similar patterns in the Elorn and Aulne estuaries (Figs.7c and d, 8c and d). All
pore water NO, profiles showed a strong decrease in concentrations with depth. At all stations, NO,
concentrations were below the detection limit at a depth of 1-4 cm in February and below 1-2 cm depth in May.
The lowest NO,™ penetration depths occurred in the mid and outer Elorn Estuary (E2 and E3). Little seasonal
variation regarding the NO, pore water profiles was observed at stations E2 and E3. In the Aulne Estuary,
elevated NO,~ concentrations were determined in the bottom water and top 1 cm of sediment, whereas below the
detection limit at depth (below 2-4 cm). The lowest penetration depths of NO, were observed in May.
For all sites in the Elorn and Aulne estuaries, the concentration of Fe®* in the overlying water was lower than 3
UM (Figs.7e and f, 8e and f). The pore water profiles of Fe?* were characterized by an increase at depth
coinciding with the depth at which NO,™ disappeared. Below this depth, in the Elorn Estuary, Fe** concentrations
up to 200 uM (E2, E3) and 50 uM (E1) were detected. At deeper depth, Fe®* concentrations decreased and were

absent below 5 cm depth. Furthermore, little seasonal variation was observed regarding the pore water Fe*
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profiles. Pore water Mn*" were very similar to the Fe** depth profiles, with 20 fold lower concentrations. The
Fe?* pore water profiles showed a larger variability in the Aulne compared to the Elorn Estuary. A typical
subsurface peak, as in the Elorn Estuary, was observed in the outer station (A3, 200 uM). A similar depth profile
was also present at the intermediate station (A2), however the Fe?* concentrations reached values up to 1500 uM
(February) and 2000 pM (May). No typical subsurface peak in Fe?" was observed in the inner estuary (A1); pore
water Fe?* concentrations gradually increased up to 14 cm depth at Al (700 uM). Profiles of pore water
Mn?* concentrations displayed similar patterns, with a subsurface peak, as Fe**, at 50 fold lower concentrations.
In contrast to the Fe** concentrations, Mn?* was still present at deeper depth.

Overall NH," concentrations were low in the overlying water at the different locations in the Elorn Estuary as
well as throughout the different seasons (<10 pM; Figs.7g and h, 8g and h). The pore water profiles of NH,"
concentrations gradually increased from 10-20 uM in the surficial sediment up to 1200 pM in the deeper layers.
In February, NH," profiles displayed a greater spatial variability; the mid station (E2) showed a particular pattern
with concentrations about 2 to 6 times higher than at E1 and E3 and about 2 times higher in February than in
May (up to 2400 uM). In the inner estuary (E1), NH, concentrations, at deeper depth, increased from 400 UM in

February to 900 uM in May. In the outer estuary (E3), concentrations were similar in February and May. Similar

to the Elorn Estuary, NHX profiles (February) showed concentrations in the inner estuary (A1) up to 2.5 times

higher than in the mid and outer estuary (A2 and A3) and higher than in May. In May, NHZ profiles showed

similar patterns than in the Elorn Estuary, with little spatial variability and concentrations increasing with depth
up to 1200 uM in the outer estuary (A3).

S0,* concentrations in the overlying water were low in the inner Elorn and Aulne estuaries (~5 mM; Fig.7i and
j) and high in the mid (10-18 mM) and outer estuary (18-31 mM). Similar trends were observed in May (Fig.8i
and j). Little variation in these concentrations was observed with depth in the inner and mid Elorn Estuary,
whereas a decrease at deeper depth was observed at the outer station (E3). High and comparable SO,*
concentration profiles were measured at the mid and outer Aulne estuary, decreasing from 20 mM at the
sediment-water interface to 14 mM at 12 cm depth (Figs.7j and 8j).

No H,S was detectable in the Elorn and Aulne sediments in February (Fig.7k and I). In May, H,S concentrations
were below the detection limit in the top layers of the sediment and at the intermediate station (E2; Fig.8K).
Concentrations of H,S up to 40 uM were detected at a depth below 5 cm at the inner station (E1). At the outer
station (E3), concentrations increased with depth below 16 cm and reached up to 100 pM at 20 cm. H,S

concentrations in the Aulne estuary were low in May, with only traces measured at the mid station (A2; Fig.8l).
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3.4 Seasonal variability of diffusive O, fluxes

The mean diffusive O, fluxes calculated at the three stations in the Elorn and Aulne estuaries and at each
season are shown in Fig.9a and b. In both estuaries except mid stations, diffusive O, fluxes were higher in May
and July than in February and, in a smaller extent, in October. At mid stations (E2 and A2), diffusive O, fluxes
were similar over the year, with a small drop in October.
The diffusive O, fluxes recalculated for a temperature of 10°C using the temperature Q1 relationship (Thamdrup
et al. 1998) for each station and season are presented in Fig.9c and d. In the Elorn and Aulne estuaries, we
observed higher T-corrected (Fig.9c and d) than not corrected (Fig.9a and b) diffusive O, fluxes in February but
lower T-corrected diffusive O, fluxes in May, July and October. Once normalized to a fixed temperature, the
seasonal variation with larger values in spring and summer was smoothed out at station E1, E3 and A3. Some

inverse decreasing trend from February-May to July-October appeared at stations E2, A1, A2.

4 Discussion
4.1 Benthic heterogeneity at station and cross-estuary scales

The similarity of the vertical profiles of O,, nutrient and metal concentrations at the station scale (within
meters of the exact location) and cross-section scale highlights the relative homogeneity of benthic properties in
the mid estuary. This low heterogeneity at the station scale allows temporal variability to be studied. The
variability of pore water profiles of NH,", Fe*" and Mn*" at the cross-section and station scales is much lower
than the variability observed between estuaries and along salinity gradients. The low cross-section variability
observed in this study suggests thus that biogeochemical heterogeneity might be low in estuaries characterized
by a small channel width, contrary to higher variations observed in larger systems (e.g. Hammond et al. 1985;
Grenz et al. 2000), or by measurements of net benthic fluxes that integrate all benthic processes (Hammond et al.
1985; Thouzeau et al. 2007).
Although O, variability is low in the whole cross-section, nutrient and metal concentrations are slightly lower in
the channel compared the subtidal shores, suggesting slight differences in benthic biogeochemical processes.
Channel sediments might have been characterized by lower organic matter inputs and benthic macrofauna
activity (as already suggested by benthic fluxes measurements in San Francisco Bay; Hammond et al. 1985),
which could have led to slower diagenetic processes in the channel. It is worth noting that opposite trends can be
observed in larger and more productive areas where benthic remineralization is higher in the channel compared

to the shoal (Grenz et al. 2000).
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The relatively low variability of benthic pore water properties is however in contrast with general high benthic
heterogeneity due to processes that occur in surficial sediments in coastal ecosystems, e.g., heterogeneous
distribution of benthic macrofauna and/or primary producers, sediment porosity variability, microtopography,
local deposition of labile organic matter, micro-scale turbulence, and resuspension—deposition events (Huettel et
al. 2003; Rabouille et al. 2003, Glud 2008; Migler et al. 2012). The heterogeneity is sometimes high enough to
prevent the study of seasonal variations (Bay of Biscay; Mouret et al. 2009). The results of our study show that
benthic heterogeneity in inner estuarine sections characterized by a small channel area is low. The low variability
of triplicate profiles and fluxes of O, and the sampling at the same station on the left subtidal shore allows

studying seasonal variations of diffusive O, fluxes in the two estuaries.

4.2 Seasonal variations at the estuary scale

Increases in salinity from winter to spring have to be considered with respect to hydrologic records. For
instance, the average daily discharge in the Aulne River ranged between 100 and 200 m*s™ in January-February
2009 but only 20 m®s™ in April-May. In the Elorn River, average daily discharge dropped from 12-30 m®*s™ to 5
m3s™,
If pore water salinity is a good tracer of overlying water salinity and thus of seasonal hydrological conditions,
pore water chemical composition would respond at least partially to seasonal changes. Especially, the rate of
sulfate reduction most likely increases in May, not only due to temperature changes, but also due to higher
sulfate resupply still observable in the mid Elorn Estuary in May. Higher sulfate reduction rates in sediment or
lower sulfide control by FeS precipitation lead to higher H,S concentration in pore waters in May, especially in
the Elorn Estuary. However, for electron acceptors ubiquitously present in fresh or marine waters (O,, NOs/,
MnO,, FeOOH), diffusive and advective supplies (in zones of coarser sediments) related to salinity changes will
have little effect on early diagenetic processes related to those chemical species. This statement may provide an
explanation for the lack of significant seasonal variation regarding ammonium profiles. Consequently, variability
of early diagenesis processes in and between those two estuaries is expected to be controlled by organic matter
deposition and seasonal changes in temperature rather than salinity changes.
The role of the benthic fauna on oxygen profiles and diffusive fluxes might have been limited in this study, even
if benthic fauna was present in these estuaries (except at stations Al and A2; Michaud pers. comm.; Raimonet
2011). The presence of benthic fauna has already been shown to increase total benthic oxygen fluxes depending

on the bioturbation strategy and feeding activity which vary among species (Michaud et al. 2005). Here, we
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report diffusive oxygen uptake, i.e. when measurements of oxygen profiles were performed in sediments out of
animal burrows in order to avoid the interference with benthic fauna. The similarity between replicate oxygen
profiles and the absence of vertical discontinuities in oxygen profiles confirms the homogeneity of the sediments
with regards to the diffusive uptake of oxygen.

Overall, sediment oxygen demands are larger in the Elorn compared to the Aulne estuarine sediments. The
seasonal trend is well marked with an increase during spring and summer (May and July) for all stations, except
in the mid Elorn Estuary. Sediment oxygen demand is lower during winter and fall (February and October). This
seasonal variation gives rise to a bell-curve pattern for the temporal evolution at each station (Fig.9). This pattern
is largely related to the seasonal evolution of temperature typically observed in mid-latitude regions (Dedieu et
al. 2007). In this temperate and oceanic system, temperature in the bottom estuarine water increases by 10°C
between <8°C in winter and 18°C in summer (Table 1). Temperature increases diffusion coefficients as well as
aerobic microbial activity resulting in higher oxygen fluxes.

The lower seasonal variations of oxygen fluxes at intermediate salinities (E2 or A2) suggest that other factors,
such as organic carbon loading and dissolved oxygen concentrations, might vary at the seasonal scale and
decrease the range of seasonal variations in the benthic oxygen demand. Oxygen fluxes were thus normalized to
a common temperature of 10°C in order to limit the temperature effect and estimate the influence of other
parameters. T-corrected diffusive oxygen fluxes show a different seasonal variation than diffusive oxygen fluxes
calculated at in situ temperature (Fig.9c and d). They indicate a relatively stable trend for stations E1, E3 or A3,
whereas a clear and progressive seasonal decrease from February to October is observed for mid stations E2 and
A2 and, to a lesser extent, at the upper station Al. The change in oxygen concentration in the bottom water,
largely due to seasonal changes in temperature and salinity, partly explains this decrease with time. It is known
that oxygen concentration in bottom waters influences oxygen fluxes as they mechanically decrease the gradient
for a given microbial consumption in the sediment (Hall et al. 1989; Rabouille and Gaillard 1994; Cai et al.
1995). Yet, this dependence is small if the oxygen concentration in the bottom water remains above 75 uM (Cai
et al. 1995). In the two mid estuaries where the decrease in oxygen flux is the most pronounced, oxygen
concentrations and diffusive T-corrected oxygen fluxes are closely linked (r* = 0.95). However, the observed
sensitivity of the T-corrected diffusive oxygen flux to the oxygen concentration change during the year is very
high as T-corrected diffusive oxygen fluxes are divided by 3 or more for a reduction of oxygen by only 100-150
UM (30-40% of the initial value). This large decrease of O, fluxes points towards other processes correlated to

the seasonal decrease in oxygen concentration, such as changes in organic matter input or its reactivity.
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Contrasted temporal variations of T-corrected diffusive oxygen fluxes in the Elorn and Aulne estuaries suggest
differences in the factors controlling the seasonal variations of benthic diffusive oxygen flux. In the Elorn
Estuary, T-corrected diffusive oxygen fluxes decrease from upstream to downstream at most seasons except in
February where a peak at intermediate salinity (E2) occur. At station E2, a large temporal variability of T-
corrected fluxes along the year is observed as fluxes vary from 10 to 25 mmol m? day™. The situation is
different in the Aulne Estuary where T-corrected sediment oxygen fluxes are rather constant from the inner to
outer estuary with lower seasonal variability at each station. Both the large seasonal variations of benthic
diffusive oxygen flux and its spatial pattern along the estuaries suggest that a large input of labile organic matter
occurring during the winter might be slowly mineralized during the year at the mid estuary as it has already been
shown in different estuarine, coastal and marine environments (Gehlen et al. 1997; Cathalot et al. 2010, Cathalot
et al. 2012). This phenomenon more pronounced in Elorn that in Aulne Estuary, might be correlated with the
oxygen reduction in bottom water, and would provide the spatial pattern observed in Fig.10. In addition, if this
effect is lower in the Aulne Estuary, then lower oxygen fluxes are expected as currently observed. Clearly, a
modelling approach is needed to disentangle the various forcing on organic matter mineralization which is the

driving force of oxygen fluxes in these sediments.

4.3 Organic matter flux and quality

In temperate estuaries and deltas, the origin of organic matter and its potential reactivity is complex and
is linked to different types of organic matter: terrestrial, riverine, marine and urban waste (Cifuentes et al. 1988;
Barth et al. 1998; Hellings et al. 1999; Lansard et al. 2009; Xiao and Liu 2010; Pastor et al. 2011b). In estuarine
environments, the composition of organic matter in the upper sediment layer that is mineralized responds
seasonally to the changes in the composition of suspended particles.
In the Aulne and Elorn estuaries, a seasonally reproducible pattern of organic carbon content, C/N ratio and **C
is found along the estuary (Fig.5). Organic carbon content and C/N ratio are high in upper sediments (4-6% d.w.
and 11-15, respectively) and decrease downstream to values around 2% d.w. and C/N<10. The amplitude of this
seaward decrease varies with the season. It is less pronounced in winter and increases in spring, summer and fall.
The decrease of organic carbon content and C/N ratio suggests that the carbon transported by the rivers into the
estuaries is diluted, mineralized and mixed with marine organic carbon characterized by lower C/N, typically
around 7-8 for fresh phytoplankton (Tesi et al. 2007; Lansard et al. 2009). The carbon isotopic composition also

shows a stable pattern throughout the seasons and in the two estuaries. The 8"3C of organic carbon increases
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seaward from similar values in the inner parts of the two estuaries to significantly higher §**C in outer estuaries.
The simultaneous increase of **C and decrease of C/N confirm the seaward increase in marine organic material.
A plot of N/C against *3C shows a clear mixing trend between two end-members: (1) plant debris and soil
organic matter with lower N/C and 8*3C, and (2) marine phytoplankton with larger N/C and §°C (Fig.11). A
difference in the absolute values of §'3C and N/C however appears between the two estuaries, the organic matter
showing always lower §*C and N/C values in the Aulne than the Elorn Estuary. This could be biased by the fact
that the outer Elorn station (E3) showed consistently larger salinities than the outer Aulne station (A3),
indicating a higher contribution of marine organic matter. However, the addition of a station further downstream
of the Aulne Estuary (A4, Fig.11) at salinity similar to the outer Elorn station, still showed lower values than the
outer Elorn station (N/C ~ 0.12 and 8"*C ~ -24.5%o). The difference in the organic carbon signature in surface
sediments between the two estuaries points thus rather towards a different origin of organic matter. Plants and
soils are very similar in the two drainage basins that are geographically, climatically and geologically close. A
difference between both drainage basins exists however in the human activities and the river morphology and
hydrology (Fraisse et al., submitted). The Elorn River drains a mixed countryside and small cities watershed
(220 inhabitants km™) with intensive pig and caw farming and important river channelling. The Aulne watershed
is characterized by agricultural activities and numerous dams and river locks. Therefore, the Elorn River has
little production of riverine plankton because of the short residence time of the water although nutrient
concentrations are high and receives sewage/farm organic matter inputs. The Aulne Estuary shows larger values
of chlorophyll a in its upper reaches and in the estuary itself (Fraisse et al., submitted), and may carry a larger
proportion of river phytoplankton into the estuary.

The isotopic and elemental signature of sewage organic matter are close to the mix of terrestrial plants and soils
(Ruiz-Fernandez et al. 2002; Xiao and Liu 2010), as sewage inputs show & *3C of -25%o and C/N of 12 (N/C =
0.08). These values are typically observed in the Elorn Estuary (Fig.5), which highlight the possible load of
sewage and the similar contents of terrestrial and marine matter. In order to explain lower & *C in the Aulne
Estuary, it is noteworthy that phytoplankton is dependent on the & *C of dissolved inorganic carbon (DIC) in the
river in which they grow. As Brittany rivers contain low DIC due to the granitic nature of watershed, 3 **C of
DIC may be largely influenced by remineralization in the river and may produce negative values, thus lowering
the & 13C of riverine phytoplankton as shown in the Delaware estuary (Cifuentes et al. 1988). The differential
input of sewage (-25%o) in the Elorn estuary and phytoplankton (maybe as low as -28%o) in the Aulne estuary

may explain the lower & *3C values in the organic carbon of the Aulne Estuary versus the Elorn Estuary.
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4.4 Organic matter mineralization in estuaries

Overall, the release of NH," during the organic matter degradation is reflected by an increase in concentration
with depth (e.g Berg et al. 2003; Canavan et al. 2006). Comparable NH," pore water profiles, with a few
exceptions, regardless stations and seasons suggest similar organic matter mineralization rates per station during
the different seasons for both estuaries. Higher NH," concentrations observed in February at stations E2 and Al
indicate higher anaerobic mineralisation rates at these two stations, which is also highlighted by the formation of
authigenic phosphorus in the upper Aulne Estuary (Raimonet et al. in review).

The pore water profiles and associated diffusive fluxes of O, indicate slightly higher aerobic organic matter
degradation in the Elorn compared to the Aulne Estuary, which highlight more reactive organic matter in the top
layers in the Elorn Estuary. The high NOj3; concentrations in the overlying water, larger than oxygen
concentration in these NO5-rich estuarine waters, especially in the inner estuaries, most likely contribute largely
to organic matter degradation in the oxic to suboxic top layer (e.g. Berg et al. 1998). The contribution of NO3
reduction to organic matter mineralisation is less important in the outer estuary, due to lower concentrations in
the overlying water.

In the deeper anoxic layers, below the oxygen and nitrate penetration depths, iron and manganese oxides and
sulphate play a role in the further degradation of the organic matter. The low concentrations of reduced Fe** and
Mn?" at depth in the Elorn Estuary compared to the Aulne Estuary indicate a limited contribution of metal oxides
in the organic matter mineralisation. Higher pore water concentration of iron and manganese are observed in the
Aulne Estuary (especially at the intermediate station), resulting in a higher contribution of Fe and Mn oxides to
anoxic mineralisation of organic matter. High SO, concentrations in the overlying water and a decrease in the
pore waters in the mid and outer sediments of the Aulne Estuary for example suggest a role of SO,* reduction
in the mineralisation of the organic matter. This is confirmed by the slight decrease in SO,* concentrations (with
a few exceptions) and the production of H,S (E1, E3 May) at deeper depth. The production of H,S during SO,*
reduction and the absence of this compound at deeper depths can be explained by the precipitation of HS™ with
Fe?,

In order to establish quantitative estimations of the different processes contributing to the degradation of organic

matter a modelling approach is needed.

18



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549
550
551
552
553
554
555
556
557
558
559
560
561

562
563

564
565
566

5 Conclusion

In this paper, we determined the spatio-temporal distribution of benthic oxygen, pore water nutrients
and metals along the salinity gradients during four seasons. The variability of pore water profiles of NH,*, Fe*
and Mn*" at the cross-section and station scales is much lower than the variability observed between estuaries
and along salinity gradients. The low cross-section variability observed in this study suggests thus that
biogeochemical heterogeneity might be low in estuaries characterized by a small channel width. Overall,
sediment oxygen demands are larger in the Elorn compared to the Aulne estuarine sediments. Suboxic and
anoxic organic matter mineralization is variable over the seasons and indicates large nitrate consumption, large
anoxic mineralization as exemplified by pore water NH,* gradients in both estuaries and sulphate reduction in
the Elorn Estuary. The role of metal oxides in early diagenesis seems to be limited but interactions with other
compounds such as sulphide may limit their concentration. Organic carbon and nitrogen analyses indicate that
the origin of carbon is different in the two watersheds with lighter 8**C of carbon in the Elorn watershed linked
to urban sewage or farm inputs. The lability of these inputs could lead to larger mineralization in upstream
stations of this estuary compared to the Aulne Estuary. A modelling approach is needed to quantify the relative
strength of the different early mineralization pathways and understand the forcing on organic matter

mineralization in these contrasted estuaries.
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Tables

Table 1 Environmental parameters (temperature T (°C), salinity S, depth D (m), river discharge Q (m*s™), and

bottom water O, concentration Oy, (UM)) at each station and season during benthic sampling

Station T(°C) S D (m) Q(M3s-1)  Oupy (UM)
February
El 8 0 1 18.5 377
E2 7.6 17.5 2 15.7 310
E3 8.2 29 35 14.5 297
Al 7.7 0 2.5 64.6 415
A2 7.4 13.7 3 54.1 352
A3 8 20 1.75 49.7 293
May
El 12.3 0 1 4.69 330
E2 13.4 21.7 1.5 4.33 273
E3 12.8 335 6 4.24 277
Al 14.4 0 2 10.4 314
A2 14 225 3 9.95 277
A3 13.5 24.6 2 10.7 282
July
El 16.7 0 0.5 2.79 304
E2 16.7 12.2 1 2.48 213
E3 17.7 335 6 1.77 225
Al 19.7 0 0.5 4.24 292
A2 19.5 27.5 1.5 5.01 202
A3 19.1 30.9 3 3.59 345
October
El 15 0.8 0.5 1.45 294
E2 15.1 29.6 1.2 1.45 204
E3 15.3 34.2 8 1.42 217
Al 14.2 8.7 1 3.67 278
A2 15.5 29.9 1 3.47 225
A3 15 33 2.5 491 228
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Figures

Fig.1 Study area and location of stations sampled in February, May, July and October 2009 along the Elorn and

Aulne estuaries
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profiles over depth (m, n). Left and right panels represent the Elorn and Aulne Estuary, respectively, in May

37



40 40

mFebruary 35 - mFebruary
< u May - 1 May
5 mJuly § 301 July
NE October NE 25 October
g g 20 -
E E 15 I
9: é 10 | I I
3 5
I8 i 5 -
0 il
A1 A2 A3
c d
40 mFebruary 40 mFebruary
35 # May 35 u May
E;_« 30 - mJuly T~ 30 mJuly
§_§ 25 - October g 5‘ 25 - Qctober
E 0 SE 20
OF 15- 0% 15
3E z 5
L= 10" I 25 10 .
I
54 L 5 - 1
0 - 0
E1 E2 E3 A1 A2 A3

Fig.9 Diffusive oxygen fluxes at February, May, July and October (a, b). Diffusive oxygen fluxes recalculated
for a temperature of 10°C corresponding to each season February, May, July and October (c, d). Left and right

panels represent the Elorn and Aulne Estuary, respectively
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Fig.10: T-corrected diffusive oxygen fluxes (at 10°C) along the Elorn and Aulne estuaries at the four different
seasons
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Fig.11 Stable isotopic composition of organic carbon (5'3C) versus atomic nitrogen:carbon ratios (N/C)
measured in the top sediment layer for Elorn and Aulne Estuary respectively, on level 0-0.5 cm in February
cruise and on 50/50 mix of level 0-0.5 and 2-3 cm in May, July and October. The compositions of four possible
organic carbon sources (terrigenous C3 vascular plant, C3 soil OM, sewage and marine phytoplankton) are also

plotted to illustrate the relative influence of each source. Station A4 is located in the outer estuary downstream of

A3, with larger salinity waters
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