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Abstract. In the context of the French research project ment during spring bloom conditions (April 2007; eRp-
CHACCRA (Climate and Human-induced Alterations in livina dilatata, Nonionella stella Stainforthia fusiformijy
Carbon Cycling at the River-seA connection), living (rose or high amounts of still bio-available organic matter un-
Bengal-stained) benthic foraminifera were investigated atder more oligotrophic conditions (September 2007; Arg-
two stations (24 and 67 m depth) in the@rte prodelta (NW  monia tepida Psammosphaera fusga The reduced in-
Mediterranean, Gulf of Lions). The aim of this study was fluence of the Rbne River input at the farther Station N
to precise the response of benthic foraminiferal faunas tded to less contrasted environmental conditions during the
temporal changes of the Bhe River inputs (e.g. organic four sampling periods, and so to less obvious variations in
and terrigeneous material). Each site was sampled in Apriforaminiferal faunal composition. During reduced riverine
2007, September 2007, May 2008 and December 2008, peinfluence (i.e. low RbBne discharge), species able to feed
mitting to observe foraminiferal faunas of the 63—150 andon fresh phytodetritus (e.@lavulina cylindricg Hopkinsina
>150 um size fractions under a wide range of environmen-atlantica, Nonionella irideaand Nonionella turgida bene-

tal conditions. Obvious variations in foraminiferal faunal fited from eutrophic conditions of the spring bloom (April
composition were observed during the four investigated peri-2007, May 2008). Conversely, the occurrenceNufuria
ods at the shallowest Station A located in the close vicin-polymorphinoidesinder oligotrophic conditions (September
ity of the Rne River mouth. After major Rime River 2007, December 2008) was indicative of a benthic environ-
flood events, different colonisation stages were observednent potentially disturbed by bottom currents. This study
with foraminiferal faunas responding with an opportunistic put into evidence the extremely rapid response of benthic
strategy few days to weeks after the creation of a peculiaforaminiferal faunas to strong variations in environmental
sedimentary environment.éptohalysis scottiiMay 2008)  conditions mostly induced by the Bhe dynamics.

or high organic matter suppliesihmonia tepidaDecember

2008). Under more stable conditions, relatively diverse and

equilibrated faunas grew in the sediments. Species benefited

from noticeable input of riverine phytodetritus to the sedi-
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1 Introduction depth, respectively) were both visited in April 2007, Septem-
ber 2007, May 2008 and December 2008, these sampling
River-dominated shelves constitute dynamic environmentslates cover a wide range of environmental conditions from
at the interface between the continent and the ocean. Ifow to high discharge (flood), and from oligotrophic to spring
these areas, dissolved nutrients supplied by the river inbloom conditions. We have analysed both 63—-150 um and
duce a local increase in primary production and fresh or->150 um size fractions of one core per site for each sampling
ganic matter export to the sea floor (Lohrenz et al., 1990, period. These analyses are combined with numerous envi-
1997; Dagg and Breed, 2003). Moreover, the high variabil-ronmental measurements such as grain size distribution, sed-
ity over time of riverine discharge leads to contrasted en-iment oxygenation (oxygen penetration depth, oxygen up-
vironmental conditions in the coastal ocean. In thédfh take) and sedimentary organic matter quantity (organic car-
River prodelta, important sediment inputs (continental or-bon content) and quality (Chl; amino acids and lipids con-
ganic and inorganic material) related to flood events changeents, carbon and nitrogen stable isotopes). The aim of this
the benthic environment by disturbation from steady statestudy is to gain insight of the ecosystem dynamics with re-
conditions diagenetic processes (Cathalot et al., 2010; Paggards of changes in river input to the coastal zone. We de-
tor et al., 2011) and macrofaunal activity (Salen—Picard etscribe the complex relationship between (1) changes in river
al., 2002; Hermand et al., 2008). In such a dynamic envi-discharge including extreme events (floods), (2) changes in
ronment, benthic foraminiferal faunas may also vary signif- environmental conditions in the water column and sediments
icantly in space and in time. Benthic foraminiferal assem-and (3) the response of benthic foraminiferal faunas in the
blages have previously been analysed at a kilometer-scalRhone prodelta in terms of standing stocks, diversity and
in the Ridne prodelta (15 to 100 m depth, 1 to 22.4 km off composition.
the mouth) during two sampling seasons (Mojtahid et al.,
2009; Goineau et al., 2011). Both studies permitted to get
snapshots of foraminiferal faunas at the scale of the prodelta Material and methods
under two contrasted environmental conditions, eutrophic
(i.e. late spring bloom, June 2005) and oligotrophic (i.e. late2,1  Study area
summer, September 2006) settings. Despite different condi-
tions, foraminiferal communities show similar bio-zonation The Rione River flows into the Gulf of Lions, a large
depending on hydro-sedimentary processes and on the quatrescent-shaped continental shelf located in the North-
ity/quantity of sedimentary organic matter. Nevertheless,Western Mediterranean Sea (Berand Gorini, 2005). At
some differences appear when comparing relative abunthe river mouth, a turbid river plume spreads out. Accord-
dances of major species. Indeed, a strong contribution ofng to Naudin et al. (1997), its offshore extension and shape
the most opportunistic species (eBulimina aculeataCas-  depend on the Rine outflow (low/high discharge), wind
sidulina carinata Valvulineria bradyangis noticed in June  regime (Mistral and Tramontane; Millot, 1999) and the in-
2005. It might be related to a response to fresh phytodetritensity of the North Mediterranean Current flowing westward
tus input related to spring bloom conditions. Unfortunately, along the continental slope &houx and Prieur, 1983; Mil-
the different locations of the study stations during both sam-lot, 1990). The mixing between riverine (low salinity) and
pling periods and the lack of key environmental parametersnarine waters (high salinity) in the Rhe channel is typi-
such as chlorophyl- content within the sediment precluded cal of a microtidal saltwedge estuary. The salt water forms a
reliable and relevant interpretations concerning the tempowedge in the river bed underneath the freshwater layer. The
ral variability of foraminiferal communities in the Bhe  landward extension of this wedge is mainly controlled by the
prodelta. A temporal survey of both small- (63—150 um) river discharge. During low water discharge periods (about
and large-sized foraminiferal faunas 150 um) supported 500 n? s 1), the salt intrusion can extend up to 20 km inland,
by a complete characterisation of biotopes would allow uswhereas marine waters are pushed seaward to the river mouth
to determine the impact of changing environmental condi-during high water discharge-B000 n¥ s~1), without any in-
tions (e.g. hydro-sedimentary processes, quality/quantity ofluence on bottom water salinity off the river mouth (Eisma,
the organic matter) on the foraminiferal faunas in thémRh  1993). The Rbhne River carries 90 % of the terrigeneous ma-
prodelta. Furthermore, the dynamics of foraminiferal assem+erial and 80 % of the fresh water introduced into the Gulf of
blages and associated time scales for ecosystem adaptati¢ions (Durrieu de Madron et al., 2000, 2003). Thanks to
is needed to relate abrupt changes of river delivery (floodsthese riverine supplies, the Gulf of Lions is one of the most
to ecosystems dynamics. Such a study has never been dopeoductive areas of the Mediterranean Sea (Diaz, 2000), the
until now. Rhéne River supplying 50 % of the total nutrients needed for
In this paper, we investigate the temporal variability of primary production into the Gulf (Lochet and Leveau, 1990).
live (stained) benthic foraminiferal faunas from thedRk Phytoplankton primary production is maximal from March
prodelta at two sites sampled during four periods with con-to May with Chlu concentrations in sea-surface waters of
trasted environmental conditions. Sites Aand N (24 and 67 mlL mg Chla m—2 (Bosc et al., 2004). The summer season is
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the most oligotrophic period with 0.1-0.2 mg Ghin—3 in E4° 40° E4° 50° E5° 00
surface waters. In the Rhe River, riverine phytoplankton L
blooms also during spring. This riverine production can be
exported to the open sea in the surface waters of the rive
plume (Harmelin—Vivien et al., 2008).

The mean annual flow of the Rhe River is about
1700 ¥ s~1, with maximum discharge values3000 n? s—1
in autumn and spring during major flood events (Pont et al.,
2002). The terrigeneous material carried during these event
is transferred to the marine environment essentially in a bot:
tom nepheloid layer above the sea floor, but also in suspen
sion in the surface waters of the river plume (Naudin et al.,
1997). Although 30 % of the introduced particles are trans-
ferred to the slope and to the deeper basin (Got and Aloisi
1990), a major part of the riverine terrigeneous input is de-
posited close to the river outlet, from 0 to 60 m depth and
from 0 to 6 km off the mouth, thus forming a delta front and
a prodeltaic area (Rabineau et al., 2005). This zone is subjec
to very high deposition rates ranging from 30 to 50 cmiyr
(Calmet and Fernandez, 1990; Charmasson et al., 1998; Ri
bineau et al., 2005).

0T oEPN

2.2 Sediment sampling

0T 0PN

Stations A and N were sampled on the RIéthys Il in

April 2007 (RiOMar 1 cruise), September 2007 (RIOTECH Fig. 1. Study area and location of both investigated Stations
cruise), May 2008 (CHACCRA-bent 1 cruise) and DecemberA and N.

2008 (CHACCRA-bent 2 cruise). The two stations were re-

spectively located at 24 and 67 m depth in thé@&Rdprodelta ) L o

(Fig. 1, Table 1). At each station and during each sampling?4 Sediment grain size distribution

period, one core (72 cfrsurface area) was recovered with a . o

multicorer MUC 8/100 (Oktopus GmbH) that permits to col- Sediment grain size analyses were performed at both Sta-
lect cores with an undisturbed sediment — water interface. Wdions A and N in the top 5cm of sediment using a Malvern
studied live benthic foraminiferal faunas in all cores. Various ® Mastersizer 2000 laser microgranulometer. For each anal-

environmental parameters were also analysed at each site f§F€d Sediment level, results are expressed as percentages of
the different sampling periods. clay (<4 pm), fine silts (4—20 um), coarse silts (20—63 um),
fine sands (63—-200 um) and coarse sand20Q um) and as
the median diameter D(0.50).
2.3 Rhone River discharge and supplies

2.5 Geochemical analyses
Daily Rhone River discharges (Q in¥s™1) in Arles (SORA
station, 30 km from the mouth) were available thanks to theFor both stations, Total Nitrogen and Organic Carbon con-
Compagnie Nationale du Rhe (CNR) through a convention centrations (TN and OC, respectively), total hydrolysable
with the Institut de Radioprotection et déi®& Nuckaire  amino acids (THAA) and total lipids contents, and carbon
(IRSN) in the EXTREMA ANR project (ANR-06-VULN-  and nitrogen stable isotopic ratios of organic maé?Coc
005, 2007-2010). Suspended particulate material contentand $*°N) were measured on milled and freeze-dried sedi-
(SPM in mg 1) in the Ridne River were measured daily by ment samples from the top 0-0.5cm of one sediment core.
the CNR and/or IRSN at the SORA station in Arles in the Chlorophylla (Chl-a) concentrations were also determined
framework of the ANR CHACCRA and other projects. For on thawed sediments sampled in the top half-centimetre of
each sampling period, we calculated the meadriRghRiver  three cores (see Bourgeois et al., 2011).
discharge (@ean and the mean suspended particulate mate- In situ profiles of Q in the pore water were obtained
rial load (SPMhean for the 15 days prior to sampling. We by a benthic microprofiler using Clark micro-electrodes
also determined the time lapse since the last major floodRabouille et al., 2003; Cathalot et al., 2010). Bottom wa-
(i.e. >3000 P s~ 1) expressed in days. ters were sampled 2 m above the sea floor by a Niskin bottle,

www.biogeosciences.net/9/1367/2012/ Biogeosciences, 9, 13388-2012
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Table 1. Location and environmental characteristics of both Stations A and N over the four sampling campaigaga@ SPMhean
are mean Rbne River discharge and suspended material load, respectively, calculated over the 15 days prior to sAmifastgnajor
flood is the time interval since the last &re River flood>3000n?s~L. Ty and [®]gw correspond to bottom water temperature and
oxygenation, respectively.

Station Lat. Long. Water Dist./river Period fRxan Atllast SPMnean  Tew  [O2lew
' (°N) (°E) depth (m)  mouth (km) (ms~1d~1) majorflood (d) (mgtid=1) (°C) (umolrd)
Apr 2007 1018 42 5 14.9 259
g4y aya Sep 2007 768 188 13 17.7 244
A 43°1847" 4514 24 1.9 May 2008 1718 2 115 16.8 238
Dec 2008 1461 27 17 14.8 237
Apr 2007 1018 42 5 145 253
. Sep 2007 768 188 13 145 217
N 43°1733"  4°4759 67 55 May 2008 1718 38 115 16.3 240
Dec 2008 1461 27 17 - -

for determination of temperatur@gw) and dissolved oxy- least one core). To quantify the diversity patterns of the

gen ([Q]sw) (Table 1). foraminiferal faunas, Shannon (H) and Evenness (E) indices
were calculated in each core for both size fractions (Hayek
2.6 Benthic foraminiferal faunas and Buzas, 1997; Murray, 2006).

For foraminiferal faunal analysis, each replicate core was

sliced on board, every 0.5cm until 2cm depth, and every3 Results

1cm from 2 to 5cm depth. Each sample was preserved in

a plastic bottle with a solution of 95% ethanol and 1gL 3.1 Rhdne River discharge and supplies

Rose Bengal stain. In the laboratory, samples were sieved

through 63 and 150 um mesh screens and the sieve residu@$ie four sampling campaigns were characterised by dif-
were again preserved in 95 % ethanol. All stained specimengerent Ribne River regimes (Fig. 2, Table 1). The time
of the >150 um size fraction were handpicked down to 5 cminterval since the last major flood (i.e. Bfe discharge
depth under wet conditions under a binocular microscope and-3000n?s~1) ranged from 2 (May 2008) to 188 days
stored in micropaleontological slides. Foraminifera belong-(September 2007). In April 2007, the last flood was recorded
ing to the 63—150 um size fraction were only investigated in~50 days before sampling. In September 2007, the mean
the topmost 0.5 cm. Samples of this size fraction were driedRhone River discharge in the 15 days before sampling
and split with an Ottomicrosplitter because of the high stand<(Qmean Was minimal with a value o770 n?s~1. In May

ing stocks. All living foraminifera from complete splits were 2008, sampling was performed 2 days after the beginning
wet-picked until a minimum of 300 individuals was counted. of a major flood (from~1730n¥s~1 on 27 May 2008 to
Rose Bengal stain (Walton, 1952; Murray and Bowser, 2000)~3820n?s™1 on 29 May 2008). Finally, in December
is commonly used in living foraminiferal studies because 2008, sampling took place 27 days after a late fall flood
of the easy and rapid way of this technique. However, (until ~4800n¥s1). QmeanVvalues were maximal during
an important methodological problem is that protoplasm ofthe latter sampling period, with 1700 n¥ s~ (May 2008)
dead foraminifera may be preserved in anoxic sedimentsand~1450n+s-! (December 2008). A minimal mean sus-
and may still be stained by Rose Bengal (Bernhard, 1988pended material load (SRMapn was recorded in April 2007,
2000; Corliss and Emerson, 1990). Consequently, only specwith only 5 mgtd=1. In May 2008, SPMeanWas maxi-
imens with all chambers (except the last one) brightly stainednal reaching 115 mgt d—1.

pink were counted, and doubtful individuals were compared

with perfectly stained individuals of the same species found3.2 Sediment grain size distribution

in more superficial and oxygenated sediment layers. Total

living foraminiferal standing stocks were calculated for the At Station A, the median diameter D(0.50) varied between
>150 um (0-5 cm depth) and 63—-150 um size fractions (0-6.7 and 67.1 pm with time and with sediment depth (Fig. 3a,
0.5 cm) for each core. These absolute density values are nofrable 2). In May, the top 3 centimetres of sediment con-
malised for a sediment surface area of 108 ¢B). Species sisted essentially of fine-grained material with 82—84 % of
relative abundances (i.e. percentages, %) calculated for eaatlay and fine silts £20 um). Below, clay and fine silts con-
core allow to define major species (i.e. speci€s% in at  tribution decreased down to 47 %. In December 2008, the

Biogeosciences, 9, 1367388 2012 www.biogeosciences.net/9/1367/2012/
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May. 08 Dec. 08
Apr. 07 Sept. 07 CHACCRA- CHACCRA-

RioMAr 1 RIOTECH bent 1 bent 2

Rhéne River discharge (m*.s™)
and suspended material load (mg.l")
b
S

500 L I ﬁ
0 e Al A RSO N Ane L N - AL
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2007 2008
O Rhéne River discharge  — Suspended particulate material load B Sea surface Chl-a maximum (Gulf of Lions) Sampling campains

Fig. 2. Mean daily discharge (light-grey area) and suspended particulate material load (red curve) obtieeRRfer recorded by the
Compagnie Nationale du Rhe and the IRSN at SORA station (Arles), locate80 km upstream from the river mouth from January 2007

to December 2008. Different sampling campaigns are represented by black-dashed areas; green dotted areas represent spring blooms in tl
Gulf of Lions (SeaWIFS images).

sand fraction £63 pm) was predominant in the top 2cm of 3.4 Sedimentary particulate organic matter and
the cores (51-53 %). chlorophyll-a concentrations
Sediments at Station N showed a large contribution of the
fine fraction <63 pm), with 84.9 to 98.3 % of clay and silts At Station A, lowest organic carbon (OC) contents in the top
over the four periods. The median diameter D(0.50) rangedalf-centimetre of sediment were recorded in May and De-

between 7.4 and 21.0 um (Fig. 3b, Table 2). cember 2008, with values of 1.13% d.w. and 1.22% d.w.,
respectively (Fig. 4a, Table 3). The highest concentration

3.3 Bottom water characteristics — Sediment was measured in April 2007, with a content of 2.05 % d.w..
oxygenation and oxygen uptake Lowest concentrations of the sum of amino acids and lipids

were observed in December and May 2008, with values of

At Station A, bottom water temperatur@g(y) varied be- 1.8 and 1.9mggtd.w. (i.e. 14.7 and 16.7 % of the OC, re-
tween 14.8 (December 2008) and 17C7(September 2007)  spectively). The highest content (4.2 mglgl.w, 20.4 % of
(Table 1). Bottom waters were well-oxygenated, with val- the OC) was recorded in April 200%3Coc ranged from
ues >200 pmol 1 (237-259 umoltl). Oxygen penetra- —27.18%o in April 2007 to —24.79 %o in December 2008.
tion depth (OPD) was minimal and exhibited minor vari- Intermediate values of —26.64 to —26.30 % were recorded
ation between April 2007, September 2007 and Decembem September 2007 and May 2008. The C:N ratio showed
2008, with values ranging from 1.4 to 1.7 mm (Table 3). important variations, with values ranging between 12.5 in
A deepening of the OPD was observed in May 2008 whenSeptember 2007 and 28.1 in December 2008. Unfortunately,
a 5.8 mm-thick oxygenated level was observed. Dissolvecho §1°N value is available for December 2008. During the
oxygen uptake (DOU) was maximal in April 2007 and De- three other sampling period8!°N was less variable than
cember 2008 with 21.5 and 20.6 mmal@2d~1, respec-  §'3Coc, values ranging between 2.90 and 3.92 %.. @hl-
tively. A minimal uptake was measured in May 2008 with concentrations in the top first centimetre of the sediment var-
9.2mmol@m—2d-1. ied between 2.14 and 9.78 ug'gd.w., with minimal values

At Station N, no data are available for December 2008. Atin April 2007 and maximum contents in December 2008.
the other three sampling periods, bottom water temperature At Station N, OC content was minimal in May 2008 with
ranged from 14.5 to 16°%. Bottom water oxygen concen- only 1.00% d.w., and reached its maximum value in April
tration was also high, with values varying between 217 and2007 and December 2008 with 1.4 % d.w. (Fig. 4b, Table 3).
253 umol 1. OPD was deeper than at Station A, with val- The sum of amino acids and lipids had comparable con-
ues ranging from 3.3 to 3.8 in April 2007 and May 2008 to centrations in April 2007, September 2007 and May 2008,
4.9 mm in September 2007. DOU was lower than at Statiorwith values of 2.7 mgg* d.w. (from 19.2 to 27.0% of the
A, with similar values of 9.2 and 9.5 mmob®—2d~1 in OC). The highest concentrations were recorded in Decem-
April 2007 and May 2008. DOU was minimal in September ber 2008 with 3.8 mggtd.w. (27.8% of the OC). Also
2007 with 6.6 mmol @m~—2d-1. §13Coc and81°N were very constant, ranging from —26.12

www.biogeosciences.net/9/1367/2012/ Biogeosciences, 9, 13388-2012
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(a) Station A
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0 20 40 60 80

December 2008
20 40 60 80 100%
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Fig. 3. Sediment composition along the top 5cm of the cores at both Stations A (a) and N (b). Horizontal bars represent clay, fine silts,
coarse silts, fine sands and coarse sands contributions. Curves correspond to sediment median diameter D(0.50) for each sediment interval

to —25.82 %o and from 3.46 to 3.90 %o, respectively. The low- 3.5 Foraminiferal faunas
est C:N ratio was measured in May 2008 with a value of 12.0.

Maximal values were recorded in December 2008 and April3 5.1  Station A (24 m)
2007, with 16.2 and 17.4, respectively. Sedimentary Chl-

a content showed small variations between the investigateq, the >150 um fauna, total foraminiferal standing stocks in

sampling dates. The highest concentration was measured i{p]e 0 to 5cm sediment interval varied from 286 (Septem-

April 2007 with 2.57 ug g* d.w., whereas values were fairly ber 2007) to 7767 ind./100 &(May 2008) (Fig. 5a). The

similar for the three other sampling periods, ranging betweerbpecies richness S varied from 8 (May 2008) to 19 (April

1.23 and 1.62 g g d.w. 2007) (Fig. 5b). The Shannon index H ranged from 0.11—
0.33 in May and December 2008 to 1.47-1.77 in April and
September 2007 (Fig. 5¢). The Evenness index followed
the same trend with minimum values of 0.10-0.12 in May
and December 2008 and maximal index in September 2007
(0.35) (Fig. 5d).

Biogeosciences, 9, 1367388 2012 www.biogeosciences.net/9/1367/2012/
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Table 2. Sediment grain size analyses performed in the top 5cm of the cores of both Stations A and N over the four sampling campaigns:
percentages of clay, fine silts, coarse silts, fine sands and coarse sands, and sediment median diameter D(0.50) for each analysed sedime

interval.

Station  Sampling Sediment Clays Fine silts  Coarse silts Finesands  Coarse sands Median diameter
period level (cm) &4um) (4—20um) (20-63pum) (63—-200um) >Z00 um) D(0.50) (um)
A April 2007 0-0.5 10 26 29 27 8 38.5
0.5-1 10 31 33 22 4 28.5
1-2 8 28 33 25 6 33.3
2-3 8 28 30 26 8 35.3
3-5 9 29 29 23 9 323
September 2007 0-0.5 8 24 31 31 6 42.1
0.5-1 8 25 33 29 6 38.3
1-2 9 27 37 25 3 32.8
2-3 8 25 36 27 3 36.7
3-5 7 22 37 31 3 411
May 2008 0-0.5 32 52 12 3 1 6.7
0.5-1 30 53 14 3 1 7.2
1-2 31 53 13 3 1 7.0
2-3 30 52 14 3 0 7.3
3-5 13 34 31 17 5 22.8
December 2008 0-0.5 6 17 26 43 8 63.7
0.5-1 7 16 24 43 10 67.1
1-2 6 17 25 42 10 66.3
2-3 10 25 27 30 8 41.7
3-5 9 21 24 35 11 53.8
N April 2007 0-0.5 17 45 28 9 1 14.0
0.5-1 18 46 27 8 1 12.9
1-2 27 57 14 2 0 7.4
2-3 29 50 16 5 0 7.4
3-5 23 50 20 7 0 9.7
September 2007 0-0.5 12 36 36 15 0 21.0
0.5-1 14 41 35 10 0 17.6
1-2 14 41 36 9 0 17.4
2-3 14 40 35 11 0 17.6
3-5 15 42 35 8 0 16.5
May 2008 0-0.5 17 48 30 5 0 12.8
0.5-1 15 48 30 6 0 13.6
1-2 16 40 33 10 0 16.5
2-3 14 38 35 13 1 19.3
3-5 16 45 32 6 0 14.4
December 2008  0-0.5 17 47 30 6 0 13.6
0.5-1 12 47 33 7 1 15.8
1-2 17 49 26 6 1 12.8
2-3 13 43 32 10 2 17.1
3-5 14 40 31 13 2 17.4

A total of 31 taxa were recognised at Station A, with 5 2008, the abundance bf scottiireached 7538 ind./100 én
major speciesAmmonia tepidaNonion fabumNonionella  i.e. 98.2 % of the total assemblage. In December 2008, this
turgida, Eggerella scabraandLeptohalysis scottifFig. 6a). species was absent wherdagepidastrongly dominated the
In April 2007, the fauna was characterised by elevated perfauna, with 1438 ind./100 cfror 93.9 % of the total assem-
centages of. scottii(>50%),N. turgida(18.7 %),E. scabra  blage.

(12.5%) andN. fabum(9.8%). In September 2007, the  |n the 63-150um size fraction, the foraminiferal abun-
contribution ofL. scottii was much lower (8.3%), whereas gances in the top most 0.5 cm ranged fret40 (May 2008)
A. tepidaaccounted for 50.5% of the total fauna. In May to ~5120 ind./100 crh (April 2007) (Fig. 5a). The species
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Table 3. Results of the different environmental parameters analysed within sediments of both Stations A and N over the four sampling
campaigns. Oxygen penetration depth (OPD), dissolved oxygen uptake (DOU) and analyses on particulate organic matter from the top
half-centimetre of sediment: organic carbon (OC), carbon and nitrogen stable isotopic&ﬁtﬂ@d vs. 815N), sum of lipids and total
hydrolysable amino-acids (THAA) contents for dry-weight sediment (d.w.) and contribution to the OC (% OC).

_ _ OPD DOU oc C:N s18Ccoe 815N Lipids + THAA Chl-a
Station  Period 2.1 . . o o 1 1
(mm) (mmol@m=<d™") (%dw.) (Atomic ratio) (%o0) (%) (mgg-dw.) (%OC) (ugg™)
A Apr.07 1.44+0.2 21.5+3.9 2.05 15.2 -27.18 3.58 4.2 20.4 9.78
Sep07 101 15.3t15 1.40 125 -26.64  3.92 3.7 26.5 4.66
May 08 5.8+0.8 9.2+3.1 1.13 14.8 —26.3 2.90 1.9 16.7 3.07
Dec08 1.6:0.3 20.6+2.6 1.22 28.1 —24.79 - 1.8 14.7 2.14
N Apr07 3.3+0.6 9.5+1.2 1.42 17.4 -25.94  3.89 2.7 19.2 2.57
Sep07 4911 6.6+ 0.9 1.20 13.2 -25.82 3.90 2.7 22.9 1.23
May 08 3.8+0.6 9.2+1.9 1.00 12.0 -26.115 3.46 2.7 27.0 1.62
Dec 08 - - 1.36 16.2 -25.88 3.67 3.8 27.8 1.47

richness S varied from 1 (May 2008) to 21 (April 2007) rina phlegeri Valvulineria bradyanaClavulina cylindrica
(Fig. 5b). A maximal Shannon index was recorded in April Cribrostomoides wiesneriEggerella scabra Leptohalysis
and September 2007, with values of 2.11 and 2.04, respecscottii and Nouria polymorphinoidegFig. 8a). In April
tively. The lowest diversity was observed in May 2008 when 2007, agglutinated taxa were dominant (64.4 %) with
only one species was identified (H = 0) (Fig. 5¢). Exceptscabra (45.9%), C. cylindrica (7.4%) and C. wiesneri
for the peculiar period of May 2008, the Evenness index wag5.1%). In September 200%. cylindrica (10.7 %) ancE.
fairly constant with values ranging between 0.37 and 0.43scabra(18.3 %) were abundant, together wikh bradyana
(Fig. 5d). (21.2%),N. fabum(13.7 %),R. phlegeri7.1 %) and\. poly-
The foraminiferal faunal composition was quite variable. morphinoideg5.6 %). In May 2008, high percentageskf
A total of 29 taxa were recognised, with 8 species presentscabra(20.0 %), V. bradyana(19.2 %), but alsd\. turgida
ing relative abundances5 % in at least one corédmmonia  (14.7 %) were observed. In December 2008, high contribu-
tepida Bolivina dilatata Haynesina germanigaNonionella  tions of N. polymorphinoide$15.2 %),R. phlegeri(11.1 %)
stella, Nonionella turgida Stainforthia fusiformisLeptohal-  andL. scottii (5.3 %) were noticed.
ysis scottiiand Psammosphaera fusd&ig. 6b). In April In the 63-150pm fauna, foraminiferal standing
2007, foraminiferal faunas were characterisedLbscottii stocks ranged between-2580 (December 2008) and
(~26.5%),S. fusiformig(~21 %) andB. dilatata (~16 %). ~11640ind./100 cth May 2008) (Fig. 7a). The species
We noted the presence Bf turgida(~11.5%) andN. stella  richness S varied from 40 (April 2007, May and December
(~8%). In September 200P. fuscaaccounted for-45 % 2008) to 59 (September 2007) (Fig. 7b). Comparable
of total living faunas, andL. scottiwas relatively abundant Shannon index H values were measured during the four
(~17%). In May 2008, foraminiferal faunas were totally periods, between 2.90 and 3.11 (Fig. 7c). The Evenness
dominated bylL. scottii which composed 100 % of the to- index showed quite similar values in April 2007, May
tal living assemblage. In December 2008, scottii was  and December 2008 (0.45-0.53), and a minimum of 0.38
low frequent (-3 %), whereag\. tepidadominated the fauna recorded in September 2007 (Fig. 7d).
(~43.5%). Psammosphaera fusoaas the second most A total of 57 taxa were recognised at this station, with

abundant species with a relative abundance-80%. H. 10 species accounting for more than 5% of total living

germanicaaccounted for6.5 % of the total living fauna. faunas in at least one coreBolivina dilatata Bolivina
seminudaBolivina spathulata Hopkinsina atlantica Non-

3.5.2 Station N (67 m) ionella iridea Nonionella turgida Rectuvigerina phlegeri

Textularia porrectaEggerella scabrandLeptohalysis scot-
In the >150 um size fraction, foraminiferal abundances var-tii (Fig. 8b). In April 2007, foraminiferal faunas were char-
ied between 1092 (April 2007) and 2753 ind./10CdMay acterised by a high contribution &. dilatata (~21 %), N.
2008) (Fig. 7a). The number of taxa varied between 37 (Mayturgida (~7.5 %) andH. atlantica (~7%). In September
2008) and 59 (April 2007) (Fig. 7b). The Shannon and Even-2007, H. atlantica (~8.5 %) andN. turgida (~6.5 %) were
ness indices were quite similar, with values ranging fromassociated wittB. spathulata(~8 %), R. phlegeri(~8 %)
2.13 t0 2.63 and from 0.23 to 0.29, respectively (Fig. 7c—d). andE. scabra(~13.5%). In May 2008N. turgida(~16 %)

A total of 72 species was recognised, with 9 major andL. scottii (~12 %) were the most abundant species, to-

species: Nonion fabum Nonionella turgida Rectuvige- gether withN. iridea (~11.5%) andT. porrecta (~7 %).
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(a) Station A (z=20 m) (b) Station N (z=68 m)
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Fig. 4. Descriptors of the organic matter and oxygen parameters measured at both Stq4apasdN(b).

Finally, in December 2008, high abundance®oteminuda ment at Station A (24 m depth) displayed important changes

(~5.5%) andr'. porrecta(~12 %) were recorded. of grain size distribution and a high content in OC, lipids,
amino acids and Chil-in comparison with the deeper Sta-
tion N (67 m depth). This reflects a concentration of organic-

4 Discussion rich deposits close to the Rhe River mouth, in agreement
with observations presented in previous studies (Lansard et
4.1 Environmental setting al., 2009; Cathalot et al., 2010; Goineau et al., 2011).

At Station A, despite obvious sediment grain size dif-
The overall environmental dataset shows contrasted condiferences between May (D(0.50) = 6.7 um) and December
tions for the four sampling periods and between the two2008 (D(0.50) = 63.7 um), OC and labile organic compounds
investigated stations. In all investigated periods, the sedishow quite similar contents in the top sediment cores of both
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(a) Foraminiferal abundance D (b) Species richness S
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Fig. 5. Foraminiferal abundance D standardised for a surface area of 2o@cme surface: 72 cf sediment depth: 0.5cm for the 63—
150 pum size fraction and 5 cm for thel50 um size fractionfa), species richness ®), Shannon index Hc) and Evenness index (@) of
the total living foraminiferal faunas in the150 pm and 63—150 um size fractions at Station A for the four sampling periods.

periods. Similarly, when considering the two other samplingtions (Qnean<1000 ' s~1; SPMnean<15mg1d-1), sed-
periods (April and September 2007), very close DOU val-imentary organic matter (OM) measured at Station A plot-
ues are recorded in the silty (D(0.50) = 38.5um) and in theted close to the Rime POM end-member. Therefore, the
sandy sediments (D(0.50) = 63.7 um) of April 2007 and De-maximal sediment Chd- contents measured during these
cember 2008, respectively. On the contrary, sediments wittsampling periods suggest a major contribution of conti-
similar grain size characteristics (i.e. April and Septembernental OM and riverine phytoplankton. On the contrary,
2007: D(0.50) = 38.5-42.1 um) present quite different DOU.May and December 2008, sampled during and after a flood
Therefore, no clear correlation exists between sediment graifQmean>1400n¥s1; SPMnean = 17 to 115mgtld-1),
size, organic matter content and bio-geochemical processeshowed a stronger contribution of terrestrial plant detri-
related to its mineralisation. tus. According to Cathalot et al. (2010) and Kerle®st
al. (2012), the slightly highe83Coc values &—26.5 %o)
recorded after the flood in May also pointed out the contri-
bution of soil-derived organic material brought by the river.
tation N also received an organic matter with a strong con-
ribution of the Ribne-derived organic detritus. The isotopic
sighatures were comparable for the four sampling periods,
suggesting a weaker impact of fluctuatingdRke River dis-
charge compared to Station A.

In Figure 9, 513Coc has been plotted versus®°N for
both stations and all sampling periods, together with iso-
topic signatures of different potential particulate organic
matter (POM) sources in our study area (Darnaude e
al., 2004; Harmelin-Vivien et al., 2008; Kerhénret al.,
2012). Both Stations A and N plot between dRie River
and Offshore sea water POM, but much closer to the
Rhone source (lows'3Coc). However, important iso-
topic variations were recorded at Station A, with mea- §13Coc versus N:C atomic ratio is presented on Fig. 10 to-
sures plotting either close to “Rhe POM” (i.e. mix-  gether with complementary measurements performed in the
ture between riverine phytoplankton, vascular plants andRhone prodelta in October 2004, April 2005 (23—-68 m depth,
soil detritus) or to “terrestrial detritus” (i.e. vascular plants ~1 to 8 km off the river mouth; Tesi et al., 2007), June 2005
and soil detritus) end members. In April and September(20—98 m depth;-2 to 16 km off the mouth; Lansard et al.,
2007, both sampled during low Rhe discharge condi- 2009)and September 2006 (18—100 m depthto 22 km off

Biogeosciences, 9, 1367388 2012 www.biogeosciences.net/9/1367/2012/
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Fig. 6. Relative abundances of the major species inti&0 um(a) and the 63—-150 um size fractiofiy at Station A for the four sampling
periods.

the mouth; Goineau et al., 2011). Stations A and N were bottt.2 Temporal dynamics of benthic foraminiferal faunas
characterised by a mixture of soil and plant-derived OM in alll

four sampling periods, and plotted close to the samples col- o ) ]

lected in October 2004 and September 2006 conditions. ConFOraminiferal datasets from ecological studies are usually
sequently, no clear marine influence was recorded at our tw&Stablished on the basis of one sample (i.e., core) per in-
stations, in none of the four sampling periods. It appears thayestigated station. Only few studies dealing with shelf en-
variations in Chla contents between sampling periods were Vironments (Buzas, 1968; Hohenegger et al., 1989, 1993;
mainly due to changes in the Bie River regime (high/low Buzas and Gibson, 1990; Silva et al., 1996; Swgllow, _2000;
discharge) and riverine phytoplankton dynamics which ap_Buzas e_t al., 2002; Morvan gt al., 20_0(_3) have investigated
pears to bloom at the same time as marine phytoplanktor‘i_he spatial dynamics of benthic foraminifera at a smal! spa-
(Harmelin-Vivien et al., 2008). At both stations, the accu- fial scale &1 km). In these papers, small-scale (decimet-
mulation of labile (i.e. bioavailable) Rime-derived material '€ t0 dece_lmetrlc) _spatlal variability Qf benthic fOI’amInI.fel’?J
at the river mouth and in the proximal prodelta, not necessarfaunas exists and is generally explained by a patchy distribu-
ily linked to river phytoplankton blooms, led to an important tion of organic detritus at the seafloor. In our study area,
sediment oxygen consumption, due to organic carbon minerYnpublished data show that absolute abundances of major

alisation (high DOU, shallow OPD), during the four investi- foraminiferal taxa at a single site may present a significantly
gated periods (Table 3). patchy distribution at a decimetric scale. However, the vari-

ability of foraminiferal percentages (i.e. relative abundances)
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Fig. 7. Foraminiferal abundance D standardised for a surface area of 1%0301@ surface: 72 cfy sediment depth: 0.5cm for the 63—
150 um size fraction and 5 cm for thel50 um size fractionja), species richness @), Shannon index Hc) and Evenness index (&) of
the total living foraminiferal faunas in the150 um and 63—150 um size fractions at Station N for the four sampling periods.

is not significant. Since our temporal survey of benthic 4.2.1 Station A
foraminiferal faunas was performed with only one core per

investigated site and per sampling period, the following dis-The foraminiferal faunas observed at Station A, domi-

cussion is based on percentage data of the major species. nated by Ammonia tepida Bolivina dilatata Eggerella
Moreover, MOJtahld et al. (2010) studied the vertical dis- scabra Haynesina germanicaLeptoha|ysiS SCOttii Non-

tribution of benthic foraminiferal faunas living at 23 stations jon fabum Nonionella stella Nonionella turgida Psam-

in the Rione prodelta. Their results show the difficulty in mosphaera fuscand Stainforthia fusiformisare typical of

this area to divide benthic foraminiferal microhabitats into river-dominated shelves (e.g. Jorissen, 1987; van der Zwaan

shallow, intermediate and deep infaunal taxa. Indeed, mosind Jorissen, 1991; Barmawidjaja et al., 1992; Jorissen et al.,

foraminifera live in the topmost centimetre of the sediment1992: Donnici and Serandrei Barbero, 2002; Diz et al., 2006

because of the shallow oxygen penetration depth measured ipiz and Franés, 2008; Frezza and Carboni, 2009), and espe-

the whole prodelta<{1cm). Moreover, the Rine prodelta  cijally of the Rtone prodelta (Mojtahid et al., 2009; Goineau

is characterised by important sediment deposition rates andt a|., 2011).

organic carbon fluxes, leading to a deep sediment surface In April 2007, sampling is performed during a low &e

mixed layer in the whole prodelta (i..7-10 cm depth; Mi-  yigoharqe and spring bloom conditions in the Guif of Lions

ralles et al., 2005). Con.sideri.ng_the_se dynamic conditio_n SeaWifs images: “Ocean Colour” websitetp://marine.jrc.
and the lack of clear vertical distribution patterns of benthic ec.europa.el The very rich foraminiferal faunas are dom-

foraminifgral faunqs (Mojtahid etal., 2010), microhgbitats inated byBolivina dilatatg Nonionella stella Nonionella
are not dls_cussed in this study, except for_ Station A in May urgida, Stainforthia fusiformisand Leptohalysis scottiin
20Q8 and in December 2008 when sampling was performe he 63-150 um size fraction, altbnion fabumNonionella
during/after flood events. turgida, Eggerella scabraand Leptohalysis scottiin the
>150 um size fraction (Fig. 6). Both size fractions present
well diversified faunas with a maximal biodiversity (Shannon
index) and standing stocks in the 63—150 um size fraction
(Fig. 5). In the Ribne prodeltalN. fabunmseems to be adapted
to a wide range of environments, thriving preferentially in
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Fig. 8. Relative abundances of the major species inti&0 um(a) and the 63-150 um size fractio(® at Station N for the four sampling
periods.

sediments enriched in both continental and more marine OMhypothesis is corroborated by the occurrencdlo$tella N.
under the river plume (Mojtahid et al., 2009; Goineau et al.,turgida and S. fusiformiswhich have also been reported in
2011).Bolivina dilatatg N. turgidaandE. scabraare abun-  the Ra de Vigo (Spain) and in the Bay of Biscay respond-
dant in a restricted area close to thedRb River mouth, ing to fresh OM inputs by enhanced reproduction (Gustafs-
receiving important amounts of continental OM (Mojtahid son and Nordberg, 2001; Diz et al., 2006; Diz and Fésnc

et al., 2009; Goineau et al., 2011). However, these specie008). At Station A, we observe specimensihofturgida
would also be able to feed on fresh phytodetritus inputs, esandL. scottiiin both size fractions, showing the presence of
pecially diatoms (Hohenegger et al., 1993; Gustafsson andboth adult and juvenile forms, probably as a result of repro-
Nordberg, 2001; Diz et al., 2006; Diz and Frés¢ 2008; duction shortly before samplingtainforthia fusiformidias
Duchemin et al., 2008; Hyams—Kaphzan et al., 208@)iv- been observed close to the &tfe River mouth during late
ina dilatatais known to proliferate, due to an opportunistic spring bloom conditions (June 2005; Mojtahid et al., 2009).
behaviour after fresh phytodetritus inputs in river-influencedIt appears therefore that the above-mentioned group of taxa
environments (Barmawidjaja et al., 1992; Jorissen et al.constitutes a highly reactive and diverse fauna responding to
1992; Duchemin et al., 2007, 2008). Therefore, its occur-the eutrophic conditions in the vicinity of the Bhe River
rence in April 2007 would suggest a recent deposition ofmouth, following riverine phytoplankton blooms.

fresh phytodetritus possibly originating from the river. This
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scottii in the larger size fraction (Fig. 6)Ammonia tepida

¢ is a very common taxon in shallow open marine environ-
ments, especially at the vicinity of river mouths (e.g. Joris-

s sen, 1987, 1988; Donnici and Serandrei Barbero, 2002; Rossi
4 and Vaiani, 2008; Frezza and Carboni, 2009; Goineau et

2 ST A sepr al., 2011). Psammosphaera fusda a monothalamous ag-

R 3 Agran Ma‘g,:’“'”" glutinated taxon observed from deep-sea (Kaminski, 1985;
N Jones, 1988; Kaminski et al., 1995; Harloff and Mackensen,
1997) to shelf environments (Canadian fjord, Antarctic coast,
: Laptev Sea; Lukina, 2001; Gadzicki and Majewski, 2003;
' & ebi s Vazquez Riveiros and Patterson, 2007/sammosphaera

30 s 1o fuscahas been reported as a pioneer opportunistic species in

high-energy environment (Kaminski, 1985; Kaminski et al.,

1995). Thus, the dominance-50 %) of P. fuscain the 63—

150 um-sized fauna could suggest a possible physical distur-

Aand N (except for December 2008 at Station A; no availabh bance of the benthic environment y moderate o strong cur-

value). The composition of three possible OC sources (Terrestriarents' In parallel, thg- assoqan.on Bf d[latata N. turgida

plant detritus, Rbne River POM, and offshore seawater POM) are E- ScabraandL. scottii contributing to diverse (H1.8) and

also plotted to illustrate the relative influence of each source. The'elatively equilibrated faunas (& 0.35) could be linked to

Rhone River POM is the mean signature of the river between 2006the important amounts of labile organic compounds (lipids,

and 2008 (monthly sampling; Kerhéret al., 2012). THAA, Chl-a; Table 3) measured in the sediment. To sum-
marise, the low-abundant but well-diversified fauna observed
in September 2007 suggests an environment which is charac-

— terised by a larger proportion of bio-available organic matter,

° Marine possibly disturbed by more or less high-energy conditions.

an phytoplankton

T LN S Sampling of Station A in May 2008 took place during
012 G350l OM 0 ) very peculiar conditions. A major Rime River flood charac-
e I terised by very high SPM load (until 867 mglid—1; SORA
. SA’MM?E,, 07 Station data) started two days before sampling. A 3 cm-thick
Y SR Yl PR I flood deposit constituted by very light liquid mud (D(0.50)

i = 6.7-7.3 um) was observed at the surface of all cores sam-
pled at this station (Fig.3, Table 2). The huge accumulation
rate induced by the flood led to a strong dilution of OM
, and much lower OC, labile organic compounds and &£hl-

8o (o) contents (Fig. 4). These extreme conditions where probably
responsible for the almost monospecific foraminiferal fau-
Fig. 10. Stable isotopic composition of the organic carbon pnas consituted by almost 100 % bf scottii in both size
(813Com) vs. N:C atomic ratio for the first half-centimetre of sedi- fractions (Fig. 6). In the>150 um size fractionl. scot-
ment measured at Stations A and N during the four sampling peri-tii reached huge abundances-af500ind./100 crf and the

ods. The four other databases represented were collected in Septerg- ... . . ) . N
ber 2006 (Goineau et al., 2011), October 2004 and April 2005 (Teszaensmes increased with sediment depth (Fig. 11a). This vir-

et al., 2007), and June 2005 (Lansard et al., 2009). The (:omposi_t-uaIIy monospecifid. scottii assemblage can be explained

tion of four possible OC sources §@ascular plant detritus,4soil 1N two different ways: (1) the specimens present at the site
OM, marine and riverine phytoplankton detritus) is also plotted to O in surrounding areas before the flood responded to the
illustrate the relative influence of each source. The N:C ratio wasdisturbance induced by the flood deposit by an extremely
used rather than the classical C:N ratio because the former are moffast reproduction (strongly opportunistic behaviour); (2) in-
robust statistically and behave linearly in a mixing model (Gordon dividuals were transported together with terrigeneous mate-
and Gdii, 2003). rial from the RIdne River during the flood (allochthonous
origin). The first scenario implies that massive reproduction
had to take place in less than 2 days, the time-lapse between
In September 2007, no major flood had occurred for thethe beginning of the flood and sediment sampling. In culture
last 6 months, and the last significant phytoplankton bloomexperiments performed on sediments sampled in the northern
ended more than 3 months before sampling. The muchAdriatic Sea near the Po outlet (32 m water depth), Ernst et
poorer foraminiferal fauna is mainly composedofilatata, al. (2002) showed thdt. scottiicould enlarge its population
L. scottiiand Psammosphaera fus¢a the 63—-150 um size by 80 % in the three weeks following a simulated physical
fraction, andAmmonia tepidaN. turgida E. scabraandL. disturbance consisting in a gentle mixing of the sediment.

1 T T T T T T T T T T T T T
-285 -28 -275 -27 -265 -26 -255 -25 -245 -24 -235 -23 -225 -22 -215 -21 -205

81C, . (%)

Fig. 9. Stable isotopic composition of the organic mattﬁt?’coc
VS. 815N) from the first half-centimetre of sediment at both Stations

o6 | Riverine phytoplaniton

= 0.08

N:C (atomic ratio)

C3-Vascular plant debris Apr.07 s
Dec.08
0.04-
A

0.02
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Living fauna Living fauna
Total living fauna without L. scottii Total living fauna without A. fepida
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Fig. 11. Vertical distribution of the major taxa at Station A in May 20@8 and December 200@). On the right are represented the
species richness S and the vertical distribution of the faunas without dominant taxa, i.e. Withtmitalysis scottin May 2008 and without
Ammonia tepidén December 2008.

It seems therefore unlikely that more than 7000 individu- Therefore, these three taxa likely belong to the pre-flood fau-
als/100 cm, most of them adults or pre-adults found in the nas. Sediment has not been eroded by the flood, and the for-
>150 um size fraction, were produced in only 2 days, in anmer surface layer is still in place under the flood deposit.
environment impoverished in OM. The second assumption
of an allochthonous origin df. scottiiwould imply a mas- In December 2008, Cathalot et al. (2010) showed at a sta-
sive transport from the continental part of the@Re River  tion close to the river mouth (45m depth) thalOcm of
to the proximal prodeltal. scottiihas earlier been reported soft mud had been eroded by a flood occuring 3 weeks be-
from estuarine environments living in turbid and high-energy fore sampling. This flood carried sediment rich in OC and
waters (Scott et al., 2005; Diz and Frasg 2008). Unfortu-  plant debris. We assume that similar processes occurred at
nately, we have no data on the foraminiferal community liv- shallower sites, i.e. at Station A, likely removing also liv-
ing upstream from the Rime River mouth even if the flex- ing foraminiferal faunas in place before the flood. At Sta-
ible and micaceous test df. scottii might be an ecomor- tion A, three weeks after this major disturbance, living ben-
phological adaptation to colonise and thrive in high-energythic foraminifera are observed down to, at least, 4 cm depth
(i.e. high-turbidity) environments. Thus, the hypothesis of (Fig. 11b). The newly-deposited flood layer, which con-
an allochthonous origin of the thousands of individuals of ~ sists in a~2 cm-thick sandy level (Fig. 3, Table 2), is in-
scottii seems so most probable. This taxon is a very earlyhabited by~1500 ind./50 crd of Ammonia tepida(multi-
recoloniser of a newly deposited sediment surface as eachambered calcareous speciesp00 ind./50 criof Psam-
lier described in the Oslofjord where individualslofscot-  mosphaera fuscésingle-chambered agglutinated taxon) but
tii rapidly immigrated from neighbouring environments to also specimens dflaynesina germanicérigs. 6 and 11b).
massively colonise newly deposited sediments (Hess et alllaynesina germanicé a typical estuarine species, thriv-
2010). In parallel, a close inspection of foraminiferal censusing in intertidal and subtidal areas (e.g. Alve and Murray,
data reveals relatively high species richness under the flood999; Debenay et al., 2000; Diz and Fréac2008). It ap-
deposit, i.e. under the former sediment—water interface, withpears therefore that the associatiorAotepida H. german-
few individuals ofNonion fabumNonionella turgida Non- icaandP. fuscais indicative of a very high riverine influence.
ionella stellaand 8 other additional taxa (Fig. 11a). The asso-The flood recorded 3 weeks before (Q unt#800 n¥s1;
ciation ofN. fabum N. turgidaandN. stellawas already ob- SORA Station) may have significantly disturbed the ben-
served in April 2007, constituting 20 % of the small-sized thic environment by the deposit of organic-rich terrigeneous
faunas and~31% of the>150um size fraction (Fig. 6). material close to the river mouth (OC content = 6% d.w.;
Cathalot et al.,, 2010). SincH. germanicais typical of
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Fig. 12. Synthetic picture of the processes influencing the foraminiferal faunal composition during the four investigated periods at the
shallowest Station A.

brackish water environments, it can be supposed that juveA. tepidawere juvenile specimens (between 63 and 150 pum).
nile specimens of this taxon have been transported by théccording to culture experiments results presented above, it
flood from habitats in the inner part of the &fe River chan- seems possible that this juvenile population was produced
nel to our study site. At a slightly later stagle,tepidaandP. during the three weeks20 days) between the flood and
fuscamay have colonised the newly deposited organic-richtime of sampling. This assumption can also be made for
flood deposit, profiting from their high tolerance for high- the pioneer opportunistic speciesfusca Since this species
energy conditions. Numerous culture experiments in labo-produces only one chamber constituted by lithic elements, its
ratory conditions have focused on reproduction and growthreproduction and growth rates may be relatively fast (Kamin-
rates of foraminiferal species from shelf environment (e.g.,ski, 1985; Kaminski et al., 1995; Fontanier et al., 2008). All
Bradshaw, 1955, 1957, 1961; Goldstein and Moodley, 1993these observations traduce the dynamic and unstable condi-
Stouff et al., 1999; Barras et al., 2009). Their results showtions, presumaly linked to the Rhe regime, prevailing at
that reproduction rates @f. tepidaandBulimina marginata  this shallow site at this sampling period. Nonetheless, in
two multi-chambered calcareous taxa, are constrained by sethe Rtone prodelta, wave-generated currents can also disturb
water temperature, the quantity/quality of food supplies, butthe benthic environment down to 30 m water depth, notably
also the size of the starting pool of juveniles. For instance,during the autumn and winter seasons when onshore winds
Bradshaw (1955, 1957, 1961) reported a growth ratedfor generate high-energy waves (e.g. LCHF, 1976; Migniot and
tepidaranging from 4 to 84 um/10 days. A more recent study Viguier, 1980; Suanez, 1997; Sabatier and Suanez, 2003).
by Stouff et al. (1999) reported that already calcified juve- Therefore, in Dcember 2008, wind/wave-related bottom cur-
niles ofA. tepidacould form a third chamber within 24 h after rents may also have played a key role in the sediment ero-
their release from the reproduction cyst, and a fourth chamsion/deposition processes assumed at the shallow Station A
ber within a few hours. In our study;30 % of the observed (24 m depth).
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To synthesise, foraminiferal faunas observed at this shalforaminiferal fauna of the topmost 0.5 cm was very abundant
low Station A were obviously influenced by the &tfe River  and highly diverse compared to tkel50 um size fraction of
in some way during all four periods (Fig. 12). Sedimentary the upper 5cm (Fig. 8). These faunas were characterised by
disturbance appears to be periodically disturbing the benthidigh relative abundances @flavulina cylindrica Cribros-
environment. Stable environmental conditions, without ma-tomoides wiesnerand Hopkinsina atlantica As suggested
jor sediment input, which prevailed in April and September for Station A at the same sampling period, the very high
2007 allowed the establishment of diverse and equilibrateccontribution ofEggerella scabran the >150 um-sized fauna
faunas (Fig. 12a—b). The availability of fresh OM and the (>40 %) would be due to its ability to respond to fresh phy-
hydrodynamic conditions above the sea floor were the mairtodetritus inputs.Clavulina cylindricawas considered typi-
factors influencing foraminiferal faunal composition. Con- cal of eutrophic conditions on the continental shelf of the Bay
versely, highly unstable conditions with massive sediment in-of Biscay (Fontanier et al., 2002Hopkinsina atlanticehas
put characterise the environment in May and December 200®een described in river-influenced shelves (Barmawidjaja et
(Fig. 12c—d). The particular conditions led to the presenceal., 1992; Jorissen et al., 1992; Diz and Fieg2008; Moj-
of faunas typical for the early stages of ecosystem colonisatahid et al., 2009), where it was usually considered as an op-
tion. In these faunas, the foraminiferal composition appeargortunistic taxon responding to fresh OM input (Ernst et al.,
to depend on the time lapse since the last flood deposit, and002; Duijnstee et al., 2005). When considering the mod-
on the OM content of the recently deposited sediments. Aerate enrichment in Chi-of the top half centimetre of sedi-
few days after such a massive sediment input (May 2008), ament at this period, this association of foraminiferal species
extremely rich monospecific assemblage of pioneer speciesould have benefited from an input of fresh phytodetritus,
already inhabited the newly deposited flood layer impover-such as has been suggested for the shallower Station A at the
ished in labile OM. Conversely, an input of OM enriched same period.
sediments in December 2008 led to the observation, a few In September 2007, high percentage8ofivina spathu-
weeks later, of a more advanced colonisation stage. In botlata, C. cylindrica H. atlantica Rectuvigerina phlegerand
cases, foraminiferal faunas responded with an opportunisti@specially ofNouria polymorphinoidesere noticed (Fig. 8)
strategy to the deposition of a thick layer of new sedimentGoineau et al. (2011) reportédl polymorphinoidesiuring
(Leptohalysis scottiiMay 2008) and/or to the high amounts another sampling period (September 2006) in coarse sedi-
of OM supplied by the river floodAmmonia tepidaDecem-  ments from the coast west of the &ie River mouth, close

ber 2008). to Station N. According to Sabatier and Suanez (2003), this
area is submitted to strong bottom currents. At Station A, the
4.2.2 Station N foraminiferal faunas observed in September 2007 suggested

possibly high-energy conditions. Therefore, the contribution

At Station N, environmental conditions are much less con-of N. polymorphinoidesn September 2007 could indicate
trasted than at the shallower Station A (see Sect. 4.1.)the possible action of bottom currents as at Station A. These
Foraminiferal faunas of both size fractions were diversecurrents could possibly have transported living individuals
(Shannon index H2) and relatively equilibrated (£0.2) of N. polymorphinoidefrom sandy coastal sediments to our
during the four investigated periods, depicting the absenceStation N.
of opportunistic behaviour and/or recolonisation phenom- In May 2008, Station N was sampled 3 days after the
ena. Four taxa were abundant in all assembladgiv- beginning of a major flood carrying important amounts of
ina dilatata, Eggerella scabraNonion fabumandValvuline-  organic and inorganic terrestrial material close to the river
ria bradyana These four taxa are common in thed@le  mouth. However, contrary to Station A, no flood deposit
prodeltaic area, present in sediments close to tfmBIRiver ~ was observed at the surface of any of the sampled cores.
mouth with important continental OM supplies (Station A, Consequently, we assumed that Station N had not been im-
see above), but also at sites more offshore, under tfim&h pacted by the deposits of terrigenous material. Therefore,
River plume (Mojtahid et al., 2009; Goineau et al., 2011). just as in April 2007, the late spring bloom conditions pre-
Bolivina dilatatais described as an ubiquitous taxon adaptedvailing in the Gulf of Lions at the time of sampling (SeaWw-
to a wide range of environmental conditions in thealRle  ifs images) would have been the main controlling parame-
Vigo (Spain) and in the Bay of Biscay (Diz and Frés¢  ter at the study site. In May 2008, the foraminiferal faunas
2008; Duchemin et al., 2008), also able to respond to freslwere characterised by a high contributionNnionella iri-
phytodetritus input (Barmawidjaja et al., 1992; Jorissen etdea Nonionella turgidaand Leptohalysis scottiin the 63—
al., 1992; Duchemin et al., 2007, 2008). 150 um size fraction, and dfl. turgida in the large-sized

As for Station A, sampling in April 2007 took place during fauna (Fig. 8). Gustafsson and Nordberg (2001) demon-
the early spring bloom and under low &fe discharge con- strated thaiN. turgida could reproduce and grow from ju-
ditions. At Station N, these conditions led to relatively high venile to adult form in less than 1 month after a fresh OM
OC (1.42% d.w.) and Chi-contents in surficial sediments deposit. In the present study, high abundances.dfirgida
(2.57 uggl; Table 3). The small-sized (63—150 um) benthic in both size fractions{15 %), together with the occurrence
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of N. iridea, which was rare to totally absent during the three in relatively high abundances at any period in diverse and
other seasons, suggest the recent input of fresh OM at thequilibrated faunas depicts the relatively stable state of the
study site (Gooday, 1986; Mackensen et al., 1990; Goodagnvironment at this site.

and Hughes, 2002; Duchemin et al., 2007, 2008). In shelf

environments, local accumulation of food particles in deci- ,

metric depressions can favour the growth of the most oppor® €onclusions

tunistic taxa (e.gN. turgida@ by enhanced reproduction and Sampling sediments from the Bhe prodelta in April 2007,

growth (Buzas, 1968; Hohenegger et al., 1989, 1993; Buza ;
and Gibson, 1990; Silva et al., 1996; Swallow, 2000; Buzas%)eggesr::g fi ?gr?ir'\n/ilfaelz );;Ofgﬁsgg Erfcf:rn;b;:jg?:npeer?;ueen%ﬂS
et al., 2002; Morvan et al., 2006). In May 2008, surficial 9

sediments were enriched in fresher OM (C:N = 12, Iabileronmental conditions. Foraminiferal communities were able

OM = 27.0% OC: Table 3) than in April 2007 under similar to respond extremely quickly (days to weeks) to strong vari-

spring bloom conditions (C:N = 17.4, labile OM = 19.2% ations in organic supplies and riverine discharge, especially
OC: Table 3) ' o ' close to the river mouth (Station A). This response was no-

In December 2008, sediment samples were recovered ﬁ‘lceable but significantly reduced5 km off the mouth (Sta-

month after a major Rime flood. The high amounts of fresh lon N), probably due to a reduced impact of riverine input

g . 1 out of the proximal prodeltaic area.
\;vr?éersgll\i orgjl;;czrr:‘:g lic'f 39?” dduer?ngqit; r:jjyaso)ogaﬁi: d to Major disturbance of the benthic environment induced by
ean

the Gulf of Lions during this flood would explain the high massive sediment deposits at the shallowest Station A after

. . . . . thf)ne River floods allowed the development of opportunis-
contents in labile OM measured in the surficial sediments Ofic species. Two davs after a maior flood event. thousands
Station N (Table 3). In the foraminiferal faunds, spathu- P i Y ) ’

i o of individuals ofLeptohalysis scottivere observed in newly
lata, R. phlegeriand N. polymorphinoidesvere abundant, . ) o
. I . . . deposited flood sediment, constituting an assemblage of very
but a high contribution oBolivina seminudand Textularia

orrectawas also observed in the 63150 um size fracticmearly recolonisers. A few weeks after another major flood
?Fig 8). The occurrence o polymorphiﬁoideewould (December 2008), typical species of river-dominated shelves

plead for a noticeable action of bottom currents as in SeptemgAmmoma tepidpand high-energy environmentBgammo-

ber 2007. In the Mediterranean Sea, the associatioB. of sphaera fuscpbenefited from the high amounts of continen-

! . tal organic matter supplied by the flood. More stable condi-
seminudaandB. spathulatahas frequently been reported in . : . ; .

i . R tions (i.e. no sediment deposit) allowed the growth of diverse

meso- to eutrophic environments (e.g. Barmawidjaja et al.,

1992; Jorissen et al., 1995; De Rijk et al., 2000; SChmiedIand quite equilibrated faunas. Under the eutrophic conditions

et al., 2000; Duijnstee, 2001). In the Bay of Biscay, this resulting from the spring phytoplankton bloom (April 2007),

- A . : . abundant and diverse fauna were composed of species feed
association of bolivinid species characterised spring bloom

conditions after phytodetritus input (Fontanier et al., 2003;Ing on fresh phytodetritus (€.olivina dilatata Nonionella

Langezaal et al., 2006). Therefore, the occurrence of thesgte”a’ Stainforthia fusiformi Also in September 2007, di-

species is coherent with the high labile OM content of the vors€ faunas were observed despite the o!lgotroph|c cond|_
) i . S ) tions in surface water and/or the assumed high-energy condi-
sediment resulting from a recent input of riverine organic ma- . . .
: ; ) : tions prevailing above the sea floor. At the farther station N,
terial deposited by a major Rhe River flood. : 2 S : . -
. . o . . Clavulina cylindrica Hopkinsina atlantica Nonionella iri-
To summarise, slight variations noticed in the . . L :
S . . .~ deaandNonionella turgidaare indicative of fresh OM input
foraminiferal faunas of Station N would be linked ei- . . : . .
. . - during eutrophic spring bloom conditions (April 2007, May
ther to fresh OM supplies from surface primary production .
. . i 2008). On the contrary, the occurrenceNsguria polymor-
and/or to the Réne River regime. In April 2007 and o . ) "
. - phinoidesunder oligotrophic conditions (September 2007,
May 2008, spring bloom conditions allowed the growth of L . )
species able to feed on fresh phytodetritus (€fgvulina December 2008) was indicative of a benthic environment po-
P pay tentially disturbed by bottom currents.

_cylmdnca, Hopkmsma atlantica Nonionella iridea Non Now, the question would be to know whether these rapid
ionella turgidg. In September 2007 and December 2008, . )
; . o faunal changes are preserved and still treacable in the fos-
the establishment of the taxoNouria polymorphinoides . ;
e . ) ._sil faunas. Such knowledge would be particularly useful for
was indicative of a potential disturbance of the benthic . . ; .
paleo-environmental reconstructions, in thedRé prodelta

environment by bottom currents. The additional input of . : .
o ) ; . and in comparable shallow-water environments, especially
riverine organic matter after a major flood in December 2008, . . :

to highlight abrupt events such as major floods.

was beneficial for taxa visibly able to thrive in environments
submitted to a noticeable riverine influence (eBaplivina
seminuda,Bolivina spathulata Textularia porrectq De-
spite these putative environmental forcings, the recurrent
occurrence of the four same taxa (iBolivina dilatatg
Eggerella scabra Nonion fabum Valvulineria bradyana
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Appendix A

Taxonomic reference list for major benthic
foraminiferal taxa

Ammonia tepidgCushman) Rotalia beccariLinnaeus var.

1385

Supplementary material related to this
article is available online at:
http://www.biogeosciences.net/9/1367/2012/
bg-9-1367-2012-supplement.pdf

tepidaCushman, 1926; in Jorissen, 1988, Plate 2, Fig. 8a—thcknowledgementsive would like to thank the crews and the

(asAmmonia parkinsonianf tepidg

Bolivina dilatata (Reuss) =Brizalina dilatata Reuss,
1850; in Colom, 1974, Fig. 18j—n

Bolivina seminudaCushman, 1911; in Mojtahid et al.,
2008, Plate 1, Fig. 5

Bolivina spathulata(Williamson = Textularia variabilis
Williamson var. spathulataWilliamson, 1858; in Jorissen,
1988, Plate 1, Fig. 5

Clavulina cylindrica d’Orbigny, 1952; in Jones, 1994,
Plate 44, Figs. 19-24

Cribrostomoides wiesnerfParr) = Labrospira wiesneri
Parr, 1950; in Jones, 1994, Plate 40, Figs. 14-15

Eggerella scabra (Williamson) = Bulimina scabra
Williamson, 1858; in Jones, 1994, Plate 47, Figs. 15-17

Haynesina germanicéEhrenberg) ENonionina german-
ica Ehrenberg, 1840; in Diz and Frags; 2008, Plate I,
Fig. 5

Hopkinsina atlantica(Cushman) =Hopkinsina pacifica
Cushman varatlanticaCushman, 1944; in Diz and Frags;
2008, Plate Il, Fig. 8

Leptohalysis scotti{Chaster) =Reophax scottiChaster,

1892; in Sgarella and Montcharmont Zei, 1993, Plate 2,

Fig. 5

Nonion fabum(Fichtel and Moll) =Nautilus fabaFitchel
and Moll, 1798; in Jones, 1994, Plate 109, Figs. 12-13

Nonionella iridea Heron-Allen and Earland, 1932; in
“Discovery” Rept., v. 4, p. 438, Plate 16, Figs. 14-16

Nonionella stellaCushman and Moyer, 1930; in Diz and
Fran@s, 2008, Plate 2, Fig. 6

Nonionella turgida (Williamson) = Rotalina turgida
Williamson, 1858; in Jorissen, 1988, Plate 4, Figs. 11-13

Nouria polymorphinoidebleron-Allen and Earland, 1914;
in Barmawidjaja et al., 1992, Plate 4, Fig. 4

Psammosphaera fus&chulze, 1875; in Bglund, 1947,
Plate 4, Figs. 9-10

Rectuvigerina phlegerLe Calvez, 1959; in Schiebel,
1992, Plate 3, Fig. 10a—d

Stainforthia fusiformigWilliamson) =Bulimina pupoides
d’'Orbigny var. fusiformisWilliamson, 1858; in Gooday an-
dAlve, 2001, Plate 3, Figs. A-B-C

Textularia porrecta (Brady) = Textularia agglutinans
d’'Orbigny var. porrectaBrady, 1884; in Rept. Challenger
Expedition, London, England, p. 364, Plate 43, Fig. 4

Valvulineria bradyangFornasini) =Discorbina bradyana
Fornasini, 1900; in Jorissen, 1988, Plate 4, Figs. 1-2
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