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Abstract — Quantifying of sediment reworking processes provides new insights into benthic ecosystem functioning
of the Thau lagoon, an important European shellfish farming area. In order to evaluate bioturbation rates of surface
sediments, profiles of "Be (half-life: 53 days) and Z*Th (half-life: 24.1 days) were measured in cores collected since
December 2001 to December 2006. Several sites were selected to sample the diversity of the Thau lagoon: C4, T10,
and T11 in the middle of the lagoon, C5, T7 and T8 nearby oyster farming, T2 and T4 in the western edge, T12
in the eastern part closed to industry. 2%*Th in excess (3*Thys; i.e. supplied to sediment by settling particles) and
"Be both show seasonal variations in activities and in penetration within sediment. Taking into account the moderate
sedimentation rates of the Thau lagoon, sites (0.1-0.4 cm per year), the penetration of both short-lived radionuclides
to variable depths, from 1 up to 8 cm, indicates efficient biological mixing of upper sediments. Bioturbation rates (Dy)
to the distribution of excess 2**Th (***Pb-Dy,) and of "Be ("Be-Dy,) range between 1 and 35 cm? y~*, depending on site
and season. Surface sediment mixing of the Thau lagoon is primarily controlled by the quality of particle input, i.e. the
food supply to the benthic fauna, mainly governed by the hydrological and seasonal conditions. But locally shellfish
production is a key parameter that influences bioturbation through biodeposition.
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Résumé — Bioturbation a I'interface eau-sédiment de I'étang de Thau : impact des activités ostréi-
coles. Quantifier les processus de remaniement sédimentaire procure une vision nouvelle du fonctionnement des éco-
systémes benthiques de I’étang de Thau, lieu d’une importante production ostréicole. Afin d’évaluer les taux de bio-
turbation des sédiments de surface, des profils de deux traceurs radioactifs, le béryllium "Be (T, = 53 jours) et le
thorium 2%4Th (T, = 24.1 jours) ont été mesurés a partir de carottes sédimentaires prélevées entre décembre 2001 et
décembre 2006. La sélection de plusieurs sites a permis de couvrir la diversité de I’étang de Thau : C4, T10, et T11
dans le bassin central, C5, T7 et T8 au niveau des secteurs ostréicoles, T2 et T4 & I’ouest du bassin, et T12 & I’est
prés de la zone industrielle. Le 2*Th en excés (**Th,s; i.e. apporté au sédiment par la sédimentation des particules) et
le "Be présentent des variations saisonniéres de leurs activités et de leurs pénétrations dans le sédiment. Compte tenu
des faibles taux de sédimentation reportés pour I’étang de Thau (0.1-0.4 cm par an), la pénétration a des profondeurs
variables (de 1 a 8 cm) des deux radioéléments a courte durée de vie révele un mélange efficace des sédiments superfi-
ciels en lien avec I’activité biologique. Les taux de bioturbation (D) calculés au moyen des profils de 2**Th en excés
(®*Th-Dy) et de "Be ("Be-Dy) sont compris entre <1 et 35 cm? an™?, selon les sites et la saison considérés. Le mélange
des sédiments d’interface de I’étang de Thau apparait principalement contr6lé par la qualité du flux de particules, apport
de nourriture pour la faune benthique, en lien avec I’hydrologie et les saisons. Localement, I’activité ostréicole est le
facteur prépondérant qui influence la bioturbation via les biodépots.

1 Introduction a surface area of about 75 km? and a mean depth of 5 m,
this shallow basin is connected to the Mediterranean Sea by

The Mediterranean Thau Lagoon (France, 3°36” E,  three narrow channels. This rich coastal lagoon system includ-
43°24’ N) is located on French southern coast (Fig. 1). With ing its watershed is subject to major human pressure: oys-
ter and mussel culture fisheries, tourism, urbanism develop-
ment, wineyards etc. (Labonne et al. 2001; Plus et al. 2001).
In addition to its ecological importance as a recruitment zone
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for some sea fish species, the Thau lagoon is an important
European shellfish farming area for both Japanese oysters
(Crassostrea gigas) and Mediterranean mussels (Mytilus gal-
loprovincialis). With a standing stocks of Crassostrea gigas
estimated at 40000 tons, it is now the fourth French site of
shellfish cultivation, i.e. roughly 10% of the national produc-
tion, with about 15000 tons of oysters and nearly 4000 tons
of mussels per year (Dupuy et al. 2000; Gangnery et al. 2001).
Hence shellfish farming may interact with the other compo-
nents of the Thau Lagoon and exercise a major influence on
this fragile ecosystem. This situation has led to a large num-
ber of scientific studies to determine the impact of shellfish
farming. Most of investigations consider the biological aspect
(standing crop, population dynamics). Quantifying of sedi-
ment reworking processes is an alternative approach to inves-
tigate ecosystem functioning (Demopoulos et al. 2003; Maire
et al. 2006). The ability of the benthic community to mix sed-
iment depends on the type of organism, its density and its ac-
tivity. Sediment mixing can also cause major changes to sed-
iment, affecting in particular the diagenesis of organic matter
and the distribution of recently deposited contaminants. Docu-
menting how bioturbation vary temporally and spatially is crit-
ical to determine the overall health of a coastal ecosystem.

In this paper, we present an investigation of the bioturba-
tion at the water-sediment interface of the Thau Lagoon. Re-
sults are based on detailed depth profiles of two short-lived
radionuclides, 234Th (24.1 days) and 'Be (53 days), along with
granulometry determination, in sediment cores collected at dif-
ferent seasons between 2001 and 2006. These data are inter-
preted in order to provide bioturbation rates (Dy) of surface
sediments. This implemented time-series provides the oppor-
tunity to address specific questions: (1) is there a spatial vari-
ability of bioturbation (2) how this could be related to the char-
acteristics of this basin (hydrodynamic, shellfish production).
The discussion encompasses the present work and a synthe-
sis of recently published articles to infer the potential impact
of the shellfish farming at the water-sediment interface of the
Thau lagoon.

2 Materials and methods
2.1 Field and laboratory methods

Repeated field campaigns allowed to sample the water-
sediment interface of the Thau Lagoon at selected sites
throughout the basin. The first phase of this work (PNEC Mi-
crobent; 2001-2003) was focused on two sites: C4 in the cen-
tral part of the basin and C5 in the shellfish production area
(Fig. 1). The second phase (2003-2006, PNEC Chantier La-
gunes méditerranéennes) encompassed the entire Thau La-
goon by sampling along a basin-wide transect, from east to
west: T12, T11, T10, T8, T7, C4, T5, T4, T2, in May and June
2004, November 2005 and December 2006.

Scuba divers recovered sediment cores, less to 20 cm in
length, by using hand-driven tubes. Immediately after core
retrieval, cores were carefully sliced each 1> cm by upward
extrusion. Back to the lab, sediment samples were sieved at
63 um and dried at 60 °C. Then the uppermost sediment layers
were measured for 2%4Th and "Be determinations using a low

background-high efficiency well type y-detector and a semi-
planar germanium detector (Schmidt et al. 2002). Standards
used for the calibration of the y detectors are International
Atomic Energy Agency (IAEA) standards (RGU-1, RGTh-1,
IAEA-375). These measurements had to be completed within
one month after sampling, due to the rapid decay of 234Th. Sed-
iment layers were investigated downcore until the disappear-
ance of 'Be and a rather constant 2**Th activity was reached,
which was considered as the supported activity. 228U activities
were determined by « counting after sediment digestion by a
mixture of HF-HNO3-HCIQy, in presence of 222U (Schmidt and
Reyss 2000).

Excess 2%4Th data were calculated by subtracting the activ-
ity supported by its parent isotope, 28U, from the total activity
in the sediment. Both 24 Th,s and 7 Be activities were corrected
for radioactive decay that occurred between sample collection
and counting.

2.2 Bioturbation model

Neglecting non-local mixing, excess 2**Th and "Be pro-
files are determined by diffusive bioturbation, sediment accu-
mulation rate and radioactive decay (Boudreau 1997):

0A %A oA
o~ Dz ~Se W @
where A is the activity (mBq g~*) of "Be or excess 234Th, zis
the depth into the sediment (cm), Dy, is the vertical biodiffu-
sion, or bioturbation, coefficient (cm? y~1), S is the sedimen-
tation rate (cm y~1), and A is the decay constant of the consid-
ered radionuclide (y1). The simplest way to derive Dy, from
radionuclide profiles using Eq. (1) is to assume steady state
and negligible sedimentation accumulation. The steady state
approximation, often used to derive bioturbation rates from ra-
dionuclide profiles, introduces only limited errors (Lecroart
et al. 2007a). The latter simplification supposed to respect
the inequality: S? < 4Dp) (Wheatcroft 2006). Sedimenta-
tion rates of the Thau Lagoon are always lower to 0.4 cm y~*
(Monna et al. 1997); sedimentation rates for sites C4 and C5,
investigated during the first phase of this work, are about 0.25
and 0.15 cm y~* (Schmidt et al. 2007). Thus one can assume
that sediment accumulation rates are not likely to affect short-
lived radionuclides profiles.

These simplifications allow to determine bioturbation rates
from a simple plot of radionuclide activity as a function of

depth, using (2):
A=A exp(—z\/Dzb) 2

where A, is the activity (mBg g~1) of Be or excess 24Th at the
water-sediment interface (Schmidt et al. 2001). This method
was applied to profiles of 23Th,s and "Be of the Thau Lagoon
to calculate bioturbation coefficients Dy, (Table 1).

3 Results

A total of 41 cores were analyzed for short-lived radionu-
clides from 2001 to 2006 throughout the Thau Lagoon (Fig. 1).
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Fig. 1. Map of the Thau lagoon showing the locations of the sampling stations. The dashed areas encompass the locations of shellfish farming.

Table 1. Bioturbation coefficients derived from ’Be and 2**Ths profiles in surface sediments of the Thau Lagoon.

Date Core 'BeDp, ®*Th-Dy Date Core 'BeD, ®*Th-Dy
(cm’y™)  (cm?*y™) (cm’y™)  (em*y™)
SiteC4 SiteC5
Dec. 4, 2001 c4-1 3.0 n.d. Dec.4,2001  C5-1 5.0 n.d.
Dec. 4, 2001 Cc4-2 1.3 35
Dec. 4, 2001 C4-3 4.0 1.6
April 10, 2002 C4-4 1.6 4.6 April 9,2002  C5-3 34 2.8
C4-5 n.d. 1.9 C5-4 1.1 3.6
C4-6 15 2.4 C5-5 6.1 7.9
July 17, 2002 Cc4-7 8.2 10.8 July 17,2002  C5-6 30.0 31.8
Aug. 27, 2002 C4-8 4.4 7.7 Aug. 28,2002  C5-7 12.0 1.2
C4-9 35 10.7 C5-8 7.7 3.8
Jan. 28, 2003 C4-10 34 n.d. Jan. 28,2003  C5-9 3.4 n.d.
May 19, 2003 C4-11 6.3 6.9 May 20, 2003  C5-10 2.7 n.d.
C4-12 45 2.3 C5-11 1.0 n.d.
June 22, 2004 C4-13 11.7 16.7 June 22,2004  C5-12 0.9 1.8
C4-14 n.d. 7.4 C5-13 2.3 8.5
C5-14 19.6 5.8
Nov. 15, 2005 C4-15 0.4 <1
May 5-6, 2004 T2 1 n.d Dec. 6, 2006 T2 <1 <1
T5 7.1 n.d T7 <1 <1
T12 1.9 5.2 T8 <1 <1
Nov. 15-19, 2005 T2 0.6 <1 T10 <1 <1
T4 0.5 0.7 T12 <1 <1
T5 2.8 0.7
T11 6.3 n.d.
T12 15 1.2

n.d.: too low levels of 2Th,s or "Be
When 2**Th,s or "Be were detected only in the uppermost layer, a maximum value of 1 cm? y~* is assumed.



166 S. Schmidt et al.: Aquat. Living Resour. 20, 163-169 (2007)

Activity (mBg g Activity (mBq g")
1 10 100 200 1 10 100 200

—~ 0 . . . . .
£ e ~———
s 14
E=1
§ 24 .

Q “Th,, May-04| [“Th November-05

0 .
- —— ——
S ——
o 1 [ — |
= ’
& 2 .
[a} . ;

.| Be May-04| Be November -05|

Fig. 2. 7Be and 2*Th,s with depth in the sediment: example of site 12
in May 2004 (left panel) and November 2005 (right panel).

Both 234Th and "Be show marked variations in activities and
in penetration within the sediment (Fig. 2). When collected,
replicate cores show a rather good reproducibility.

Along the east-west transect (sites T12, T11, C4, T5, T4,
T2), uppermost activities of 2%*Th,s and "Be are comprised
between negligible values and 180 mBq g~*. Except for site
C5, both radionuclides are never measured deeper than 2 cm.
Even, for few cores activities were restricted to the uppermost
layer, or even too negligible to be detected. In December 2006,
234Th,s and "Be were only measurable in the uppermost layer
of sediment whatever the considered site (T2, T7, T8, T10,
T12). Lowest levels and penetration depth are usually observed
in the western basin (T2, T4) and throughout the whole basin
in winter conditions. Site C5 displays a singular pattern with
the highest penetration depths, up to 8 cm for ’Be in July 2002.

Considering the short half-life of the considered radionu-
clides and the mean sedimentation rate of the Thau Lagoon
(0.2-0.3 cm y1), the penetration of 2**Thys and "Be, usually
within the 3 first cm, confirms the occurrence of an efficient
mixing of the surface sediment. All profiles of these two ra-
dionuclides are well fitted by regression line, indicating that
sediment mixing processes are described by eddy diffusion and
justifying the choice of the bioturbation model described in
Sect. 2.2. Bioturbation rates derived from the Eq. (2) are in
the lower range of published values for coastal environment
(Aller et Cochran 1976; Fuller et al. 1999; Crusius et al. 2004;
Widdows et al. 2004; Wheatcroft 2006). Cores sampled in De-
cember 2006 had very low surface activities and penetration
depths of 24Th,s and 'Be: a maximum value of 1 cm? y~! was
assumed (Table 1).

4 Discussion

4.1 Are short-lived radionuclides appropriate
to assess seasonal bioturbation
in coastal systems?

Quantifying of sediment reworking processes is an al-
ternative approach to investigate ecosystem functioning. The
most common approach to quantify bioturbation intensity
is to consider the vertical distribution of solid phase trac-
ers, such as particle-bound radionuclides (e.g. 2°Pb, %*Th,
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Fig. 3. Composite yearly evolution of bioturbation rates, derived from
"Be (dark circle) and 2*Th,s (open circle), at the water-sediment in-
terface of sites: C4 and C5 (2001, 2002, 2003, 2004, 2005).

"Be; Schmidt et al. 2001) or introduced particles (e.g. lu-
minophores, Duport et al. 2007). Recently, using a lattice-
automaton model of bioturbation, Reed et al. (2006) suggested
that the time scales of short-lived radioisotopes, such as 234Th
and "Be, are insufficient for the tracers to be used with the
biodiffusion model. This study was not based on systematic
tests concerning the different parameters (A: the decay rate
of considered radionuclide; Dy; L, the thickness of the mixed
layer) that control the system, and the above conclusions are
biased. Using a new global compilation of radionuclide data in
marine sediments, extensive numerical tests of seasonal sensi-
tivity indicate that 22*Th and "Be are, in fact, the most sensi-
tive tracers to seasonal biological mixing in most sedimentary
environment (Lecroart et al. 2007b). In addition this study re-
veals 234Th to be the more sensitive tracer to detect seasonal
biological mixing. Therefore the two short-lived tracers, 22*Th
and "Be, are particularly appropriate to coastal systems, where
usually 2*°Pb presents a mixed layer. The present dataset is a
clear illustration of the interest of this approach.

4.2 Trends in bioturbation rates throughout the Thau
lagoon

The first phase of this work was focused on two contrasted
sites: C4 in the central part of the Thau Lagoon and C5 in the
shellfish production area. This first set of 24Th and "Be pro-
files seemed to discern a probable seasonal signal in bioturba-
tion intensity of Thau surface sediments (Schmidt et al. 2007).
Additional samplings in May and June 2004, November 2005
and December 2006, allowed to establish a more complete pic-
ture of the annual variations (Fig. 3). This implemented time-
series for sites C4 and C5 clearly highlights marked variations
in bioturbation throughout year. In winter, bioturbation coef-
ficients are always low, less to 5 cm? y*; thereafter there is
a gradual increase of mixing intensity to maximum levels (up
to 35 cm? y~1) in summer followed by the decrease to back-
ground values.

When considering the entire basin, one could observe the
same trend. When available, the comparison of winter to sum-
mer situations shows that bioturbation intensities are always
higher in summer regardless of the site (Fig. 4). Nonetheless,
there are notable differences among sites (Table 1).
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Fig. 4. Westward distribution of bioturbation rates at the water-
sediment interface of the Thau Lagoon. Bars (see legend) correspond
to the range of bioturbation rates values, regardless of radionuclides,
plotted for each site considering two main periods: “winter” (Novem-
ber to April) and “summer” (May to September) (Table 1). In brackets
below site label: mean 0-2 cm surface sediment granulometry.

4.3 Influence of hydrodynamic and shellfish farming
on bioturbation

Up to date, there are only scarce time-series of biotur-
bation intensities in marine sediments (Schmidt et al. 2002;
Widdows et al. 2004; Wheatcroft 2006 and references herein).
A common finding is the high level of variability in mixing
intensity either spatially or temporally. The controlling factors
the most frequently proposed are: benthic community (abun-
dance, size), bottom-water temperature and food supply. For
the Thau Lagoon, there is no strong relationship between ben-
thic fauna and biodiffusive mixing (Duport et al. 2007). The
second parameter, the bottom temperature, is likely to signifi-
cantly affect animal activities. Temperatures of the Thau La-
goon vary seasonally from about 8 to 25 °C (Duport et al.
2007). But in such a shallow and small basin, there is no signif-
icant difference in bottom temperature between sites. Despite
this homogeneity in bottom temperature, there is a large range
in bioturbation rates (Fig. 4). Therefore bottom temperature is
clearly not the parameter that could influence bioturbation in
the Thau Lagoon.

The more probable parameter is the organic carbon flux.
Although still discussed, evidences of impact of food supply
on bioturbation intensity are increasing (DeMaster et al. 1994;
Trauth et al. 1997 Schmidt et al. 2001; Smith and Rabouille
2002; Demopoulos et al. 2004). Direct measurements of parti-
cle and carbon organic fluxes are not available for the Thau La-
goon. However, indirect indications may be obtained by con-
sidering sediment accumulation pattern of this basin. Spatial
distributions of bottom stress, of fine fraction (<63 um) in sur-
face sediments and of sedimentation rates clearly point out the
central part of the Thau Lagoon (sites C4, T11) as the prefer-
ential site for sedimentation (Monna et al. 1997; Schmidt et al.
2007). These high sedimentation rates could be in particular
explained by winnowing effect, a process that involves resus-
pension by near-bed currents and subsequent lateral transport

of fine-grained sediments from border sites to central part
(Monna et al. 1997).

This winnowing effect, due to bottom current, may account
for the low bioturbation rates observed for sites T2 and T4 on
the western border of the Thau Lagoon. These sites are away
from potential river discharges and do not appear as favor-
able sites for particle sedimentation. As a result, one could
speculate that particle fluxes are low, justifying the low bio-
turbation intensities reported for sites T2 and T4, whatever the
season (Fig. 4). Conversely, sites C4 and T11 are the counter-
part of the two western sites: these central sites are the prefer-
ential loci of fine particle sedimentation. But old and low car-
bon particles, resulting from winnowing, may contribute for
these fluxes. This could explain the occurrence of a weaker
seasonal signal in bioturbation intensity, when compared to
site C5.

For site C5, bioturbation rates show a strong seasonal sig-
nal (Fig. 3) with significantly higher values in summer (Fig. 4).
In addition, during the first sampling phase (2001-2003), cal-
culated 2%*Th,s and "Be fluxes at the water-sediment interface
had exhibited the same trend with a marked peak in summer
and the highest values when compared with site C4 (Schmidt
et al. 2007). High short-lived radionuclide fluxes are the sig-
nature of a significant particle input within the last 100 days
(Schmidt et al. 2002) whereas bioturbation rates are likely to
vary with carbon organic fluxes (Smith et al. 1993; Trauth et al.
1997; Schmidt et al. 2001). The simultaneous occurrence of
both signals may indicate that there is a high, rapid sedimenta-
tion of presumably carbon-rich particles occurring at site C5,
mainly in summer. Previous works reported that oyster cultiva-
tion produces biodeposits enhancing benthic activity (Kautsky
and Evan 1987; Chapelle et al. 2000). We hypothesized that
this biodeposition accounts for the high bioturbation rates and
radionuclide fluxes at site C5. Biodeposition is therefore a pa-
rameter that could influence locally bioturbation in the Thau
Lagoon.

4.4 Benthic response to shellfish farming in the Thau
lagoon

The Thau lagoon is characterized by an ecosystem with a
large biomass of filter feeders growing in waters with high res-
idence time due to low tides. The influence of shellfish farm-
ing on the in situ water chemistry was already established and
proved significant during all seasons (Chapelle 2000; Souchu
et al. 2001).

The recently published special issue on biogeochemical
and contaminant cycling in sediments of this basin (see in-
troductive paper by Rabouille et al. 2007) provides additional
aspects for the sediment compartment. Large differences are
reported for the two contrasted sites C5 and C4. At station C5,
inside the shellfish farming zone, the concentration of particu-
late organic carbon (POC) was 6.7 wt% in the top sample, de-
creasing to 3 wt% in the bottom sample (18 cm). For site C4,
in the middle of the lagoon, POC concentrations were around
4 wt.% in the top 4 cm, below which the concentration re-
mained generally between 3 and 4 wt% (Anschutz et al. 2007);
this organic matter seems to be much more refractory, as al-
ready postulated from radionuclides and granulometry data.
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The oyster-driven biodeposition was shown through higher
values of particulate and dissolved organic carbon at the sur-
face water interface at C5 compared to C4 (Anchutz et al.
2007). Not surprisingly, organism counting and identification
highlight characteristic populations of organic rich sediments
in station C5 (Duport et al. 2007).

This organic enrichment linked to oyster farming was
clearly visible on oxygen distributions and fluxes and led to an
increased intensity of diagenesis (Dedieu et al. 2007; Metzger
et al. 2007; Thouzeau et al. 2007). Oxygen profiles pene-
trated twice as much at the central site compared to the or-
ganically enriched one (Dedieu et al. 2007). The annual av-
erages (2002-2003) of seasonal the diffusive oxygen uptake
values were, however, about three times greater at C5 (37—
88 mmol m~2 d=!) compared to C4 (9-31 mmol m=2 d%)
(Thouzeau et al. 2007); sulphate reduction rates also differed
in the same proportion as the oxygen fluxes (Point et al. 2007).

In summary, site C5 presents consistent signals of a large
diversity of parameters (radionuclides, oxygen profiles and
fluxes, dissolved species, organic matter) demonstrating a sig-
nificant impact of intensive oyster farming, through biode-
position in particular, on underlying sediments. Megter et al.
(2007) concluded shellfish farming has physical implications
as well as biological and diagenetic effects, both of which fa-
Vor anoxia crises (“malaigues”).

Conclusion

This investigation provides insight into seasonal variations
of bioturbation on a coastal lagoon under high anthropogenic
pressure. Time-series of 2**Th and "Be allowed to establish
a comprehensive and robust picture of the bioturbation at the
water-sediment interface of the Thau Lagoon; these two short-
lived tracers being particularly appropriate to coastal systems,
where usually 21°Pb presents a mixed layer. Both 2%*Th and
Be registered seasonal variations in activities and in penetra-
tion within the sediment, indicating significant changes in mix-
ing intensity; From the controlling factors usually proposed,
food supply, mainly driven by hydrodynamic, appears the most
relevant to explain spatial and seasonal variability of bioturba-
tion in the Thau Lagoon. Locally shellfish production has a di-
rect positive impact on sediment mixing via the biodeposition.
A synthesis of recently published data set (oxygen consump-
tion, organic carbon content, distribution of dissolved species)
corroborates this conclusion, indicating a large impact of shell-
fish farming on both the sediment and the overlying water.

These are important implications of the bioturbation in-
ferred in the sediment of the Thau Lagoon. Indeed seasonal
variations in the deep mixing of sediment, to depths up to 8
cm, must have profound effects on the re-distribution of re-
cently deposited contaminants and on redox conditions in the
sediments. Therefore, we suggest future works on bioturbation
to better understand the interaction between sediment rework-
ing and biological-biogeochemical processes. This knowledge
may help to evaluate the impact of shellfish farming on the
cycling of matter and contaminants in the Thau lagoon.
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