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ABSTRACT: We present a cathodoluminescence (CL) study of growth layer deposition in the shell of
the oyster Crassostrea gigas. CL is based on the physical properties of lattice-bound manganese
(Mn2+), which is the main activator in calcium carbonate. Our study involved chemical marking by
immersing individuals in seawater to which manganese chloride had been added, and subsequent
reading of the shell with CL microscopy coupled with numeric treatment of microphotographs; CL
emission was analyzed using a scanning electron microscope coupled to a spectrometer. Since the
marking did not harm the oysters, repeated markings were possible, allowing validation of the inferences made from analysis of the shell rings. Oysters reared in a French Mediterranean lagoon (Thau
lagoon) were marked in June and October 1999, i.e. at the beginning and end of the main shell
growth period, respectively. In a few specimens sacrificed 24 h immediately after marking, we
observed a bright marking line, suggesting rapid coprecipitation of Mn2+. In oysters collected from
March to July 2000, we found 3 luminescent lines (with an emission peak at 620 nm peak) that corresponded to the 3 successive markings. The shells also exhibited weak background Mn2+-induced
luminescence, which contrasted with the marking lines both in intensity and color. This background
signal varied in intensity over time at 3 distinct scales, i.e. seasonal and daily scales plus an intermediate scale that might reflect tidal patterns. The luminescence intensity was clearly positively correlated with seawater temperature. We postulate that the temperature of the lagoon, combined with
abiotic and biotic factors, may control both Mn2+ uptake by the bivalve through a stimulation of biomineralization processes, and Mn2+ bioavailability in water through biogeochemical processes. Our
study confirmed the usefulness of Mn marking coupled with CL analysis to reveal (1) the complex
functioning of the mantle epithelium with respect to carbonate deposition on a microscale, and (2) the
relationship between the bivalve and its environment.
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The shell of bivalves grows through deposition of
successive layers of carbonate material. External
sources and mantle secretions contribute to the chemi-

cal signature of the extrapallial fluid from which the
shell is produced (Wilbur & Saleuddin 1983). Analysis
of the growth patterns or the geochemical composition
of shells should thus provide information about biological processes (Rosenberg & Hugues 1991, Lorrain et

*Email: dlanglet@africamuseum.be

© Inter-Research 2006 · www.int-res.com

INTRODUCTION

Mar Ecol Prog Ser 317: 143–156, 2006

Ca
nal
du

Mid

i

Grau

Vèn
e

46°29’ N

cathodoluminescence (CL). CL is the emission of visial. 2005) and also about the chemical properties of the
ble light during excitement by an external source of
environmental water during growth. Numerous studies
energy (electron bombardment) and results from interhave shown that bivalve shells can be useful in ecologactions between a light-emitting center and its atomic
ical studies and in long-term studies concerning, for
environment inside the crystal lattice. Lattice-bound
example, climate or paleoenvironmental reconstruction
manganese (Mn2+) is the main activator of lumines(Schein et al. 1991, Surge et al. 2003, Strom et al. 2004).
Among marine bivalves, oysters from the genus
cence in carbonates (see review by Pagel et al. 2000).
Crassostrea are particularly suitable for shell analysis
Luminescence induced by natural levels of manganese
because of their common occurrence in the intertidal
derived from the ambient environment has been
detected in aragonitic and calcitic shells of mollusks
zone of coastal and estuary areas along a wide latitudinal and geological gradient (Stenzel 1971). Because of
(see review in Barbin 2000). Marking experiments
their ubiquity, Crassostrea spp. should provide records
using dissolved manganese (Mn2+) and CL microscopy
for a large variety of environments and enable longhave been used to investigate shell mineralization in
term monitoring of ecological conditions.
the Japanese oyster Crassostrea gigas (Piquet 1994)
The main challenge in the use of growth layers as
and the black-lip abalone Haliotis rubra (Hawkes et al.
chemical records is to express the results of the analy1996).
sis as a function of time. For this purpose, growth
In the present study, using the Japanese oyster
marks identified as periodic features (e.g. annual lines)
Crassostrea gigas reared in a Mediterranean lagoon
have been used to determine age, seasonality and
we tested a method that combines Mn2+-marking of
growth rates of various bivalve species (e.g. Rhoads
the microgrowth layers in the shell of a marine bivalve
& Lutz 1980, Richardson et al. 1993). In Crassostrea
with a numeric treatment of CL microphotographs.
spp. shells, the succession of irregular external blades
This allowed us to create a temporal framework in
on the valves suggests a rhythmic growth pattern, but
which the distribution of Mn2+ in the shell was analyzed at high spatial resolution in relation to shell
the growth interval represented by this irregular patgrowth processes and environmental fluctuations.
tern has not yet been determined. However, both millimetric undulations and very thin rings < 5 µm have
been described for the ligamental area of the hinge of
MATERIALS AND METHODS
C. virginica by Palmer & Carriker (1979), who estimated the periodicity of shell-band deposition at about
Study area. Thau lagoon is located on the French
1 ring per tidal cycle in the field, and about 4 or 5 rings
Mediterranean coast near Sète (Fig. 1). The lagoon is
d–1 in the laboratory. Similar undulations and rings
were also reported for C. gigas by Piquet (1994), but
19.5 km long × 4.5 km wide, and is 5 m deep on averunfortunately no internal growth lines were found in
age. It is connected to the Mediterranean Sea by the
radial sections of the hinge of C. virginica (Palmer &
Sète canal; other connections are negligible. Thau
Carriker 1979, Carriker et al. 1980a). The direction of
lagoon is a semi-confined ecosystem with a long water
the growth axis was only indicated by the
spatial arrangement of chalky lenticular
3°31’ E
areas and translucent bands of foliated calcite (see Carriker et al. 1980a). Therefore,
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Experimental Table
or strontium (Peck et al. 1996, Fujikura et al.
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2003) creates bright artificial lines when
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electron microscopy. Another method conFig. 1. Thau lagoon. ($): position of experimental Crassostreas gigas
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culture table

43°18’ N

144

145

Langlet et al.: Cathodoluminescence of oyster shell

residence time due to the low tidal range of about
20 cm in Sète harbor. It receives variable, but occasionally strong, freshwater discharge from small streams
(Petelet et al. 1997). The lagoon supports a large standing stock of bivalves (mussels and oysters), ranging
from 14 000 to 20 000 t yr –1 (Gangnery et al. 2003). The
oyster Crassostrea gigas accounts for about 75% of the
total cultured biomass (Gangnery et al. 2003). In Thau
lagoon, oysters are fixed on ropes hanging from fixed
tables (see Fig. 2 in Gangnery et al. 2003). Anthropogenic impacts on Thau lagoon comprise the harbor
activities in Sète, agricultural activities, e.g. wine and
melon farming, and heavy tourism during the summer.
The main source of Mn in Thau lagoon is from the particulate load of rivers, especially during fall and spring
(Pena & Picot 1991, Petelet et al. 1997).
Hydrological parameters — water temperature (T,°C),
salinity (S, PSU), and dissolved oxygen concentration
(O2, ‰) were measured every second week with a
SOLOMAT WTW-LF-197S probe at 2 depths (1.0 m
below the surface and 0.5 m above the bottom) and at
5 points around a single oyster table (Alunno-Bruscia
et al. 2001). Moreover, from April to November 1999,
temperature was recorded hourly at 2 m depth on the
culture table with a MICREL probe.
Manganese marking and shell preparation. From
15 to 18 March 1999, spat oysters Crassostrea gigas from
SATMAR hatchery (pre-grown in Penzé, Brittany,
France, for 18 mo) were glued onto ropes, which were
tied on a culture table in Thau lagoon (Fig. 1) for 15 mo
until July 2000 (Alunno-Bruscia et al. 2001). On 15 June
1999, 8 randomly selected ropes were detached from the
culture table and brought to the laboratory, care being
taken to avoid oyster fall-off. On these ropes, a 0.45 m
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section (with about 12 oysters) between 1.15 and 1.60 m
below the water surface was used for marking. Oysters
were marked by immersion for 4 h in a 500 l tank filled
with seawater and manganese chloride tetrahydrate
(MnCl2, 4H2O), similarly to the method described by
Hawkes et al. (1996). (MnCl2, 4H2O) was added at a concentration of 90 mg l–1, i.e. [Mn2+] = 25 ppm. After marking, the ropes were tagged and quickly replaced onto
the culture table. The whole process was repeated on
18 June and 21 October, using the same rope segments.
Seawater temperature was 22.3 and 23.0°C on 15 and
18 June, respectively and 17.3°C on 21 October. No variation in water temperature was measured in the tank
during the marking periods. Oysters exhibited active filtration only a few minutes after the marking process began. No effect of marking on the oysters’ survival was
observed. Oysters were sampled on 5 occasions (20 in
October 1999 and May 2000; 10 in March, April and July
2000, respectively), and 5 individuals from each sampling were prepared for analysis (see next paragraph for
shell preparation). In addition, a marking test ([Mn2+] =
25 ppm for 4 h at 18.5°C) was performed on 10 oysters
collected 24 h after marking in order to estimate the delay between experimental immersion and appearance of
the marker in the shells.
Marked oysters were sacrificed and their flesh carefully removed. Thick sections were removed from the
hinge and the ventral margin of the right valve (Fig. 2).
Each section was placed face down in a plastic mold
and embedded in polyester resin. Once hardened, the
surface of the resin blocks was ground flat, wet-polished and glued onto a glass slide before being sliced.
Finally, the section surface was ground and wet polished with polishing suspensions of decreasing grain
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Fig. 2. Crassostrea gigas. Radial section through longest shell axis. Most of shell structure is calcitic. Polished sections for
cathodoluminescence analysis were obtained from hinge and ventral margin of shell
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size (down to 1 µm). Using this protocol, we prepared
35 shells (including the 10 specimens used in the
marking test) for CL analysis.
Cathodoluminescence analysis. The shell of Crassostrea gigas consists of calcite and aragonite, 2 polymorphs of CaCO3 (Stenzel 1963). When exposed to an
electron beam, pure calcite presents a weak dark-blue
luminescence called intrinsic luminescence (emission
spectrum centered around 350 to 400 nm). The presence of Mn2+ in the calcite lattice results in a brighter
luminescence, and a specific emission spectrum with a
peak at 620 nm (see Pagel et al. 2000 for review) corresponding to yellow, orange or orange-red. In aragonite, the substitution of Ca2+ by Mn2+ leads to yellowgreen luminescence, with an emission peak at 540 nm.
Variations in the luminescence intensity (LI) are mainly related to the proportion of activators (i.e. Mn2+): the
brighter the luminescence, the higher the Mn2+ concentration (El Ali et al. 1993, Rafélis et al. 2000).

a

The color and intensity of the CL emission were observed with a cold cathode coupled with an optical
microscope (Technosyn Mark II). A beam energy of
15 k eV and 0.3 to 0.4 mA current under a 60 µtorr
vacuum provided optimal conditions for visual observation of CL under an optic microscope. Pictures were
done at magnifications of 10 to 20×, with Kodak
800 ASA (Ektachrome P1600x), and required exposure
times of 15 to 60 s. Time exposure was kept constant
for each section. For 4 specimens (labeled SH1 to SH4),
successive CL-microphotographs were assembled
precisely to provide a detailed panorama of the hinge.
The resulting pictures were digitized. SH1 and SH2
were collected in March 2000, SH3 and SH4 in April
and July 2000, respectively. For each digitized picture,
a profile of the spatial variations in luminescence (expressed in arbitrary gray-scale units) along a growth
axis was obtained using NIH Image software (http://
rsb.info.nih.gov/ij/). The temporal scale was introduced using Analyseries 1.1 software (Paillard et al. 1996)
to obtain an LI time-series, assuming a constant shell
growth rate between experimental marks.
On the 4 shells SH1 to SH4, CL emission was analyzed using a scanning electron microscope (SEM JSM
840A, Jeol) coupled with a CL spectrometer (hereafter
SEM-CL). A coupled charge device (CCD) sensor was
used to decrease data acquisition time. The slides were
carbon coated. The accelerating voltage was 25 keV
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Fig. 3. Crassostrea gigas. (a) Microphotograph under transmitted light of polished cross-section from hinge of Shell SH1. Translucent layer (T) indicates change in environmental conditions affecting growth, i.e. with transplantation from Britanny to Thau
lagoon in March 1999 (boxed section = polished area illustrated in b); (b) cathodoluminescence microphotograph of specific area
from polished section in (a), showing 3 bright luminescent lines induced by selective Mn marking, and large areas with contrasting luminescence due to more diffuse natural luminescence. A, B, C: 3 successive periods; (A) winter/spring 1999, (B) summer
1999, (C) fall 1999 to spring 2000. Dates on figure are mm/dd/yy
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with a 0.1 µA current, and the spectrometer slit was
fixed at 1 mm (allowing a 1 nm resolution at 500 nm
with a linear dispersion of 8 nm). Spectra were collected between 300 and 800 nm (time acquisition = 2 s)
at 400× magnification (analytic area: 300 × 200 µm). A
1000× magnification was used to focus the analysis on
the marking line (analytic area = 200 × 20 µm). Multiple scans and blank corrections were used to eliminate
background noise. Final spectra comprised an average
of 10 measures and CL intensity was expressed in arbitrary units (counts s –1).
Data analysis. Frequency and regression analyses
were carried out.
Frequency analysis: A fast Fourier transformation
(FFT) was performed on the 4 discrete detrended (i.e.
5th order fitted polynomial model) LI time series (N
data, separated with a time step Δt) corresponding to
the 4 shells SH1, SH2, SH3 and SH4, in order to detect
periodicities in the luminescence intensity. The discrete Fourier series, γ(t), is defined as

CL intensity (SEM, counts s–1)
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where a 0, {an, bn, n = 1,N} are adjusted parameters, N
being the number of data acquired by image analysis
(see Fig. 6), for each discrete frequency f (d –1) investigated. The discrete Fourier transform (DFT) of the
series was expressed as a complex number series G(f n)
= an + i bn. The power spectral density was then calculated to estimate the energy at each frequency
S(fn) = G(f n) · conj[G(f n)]
where conj(G(f n)) is the complex-conjugate of G(f n).
Since the time-series are discrete and truncated, analyses of frequencies were restricted to each frequency
domain [(0.5NΔt)–1 (2 Δt)–1].
Regression analysis: A simple linear regression model
was used to relate the water temperature (T) or the oxygen concentration (O2) to the LI. Significant regressions
among the 4 different shells were compared by analysis
of covariance (ANCOVA), first by testing equality of
slopes via the interaction between the covariate and the
shell factor, and then by testing elevations of lines with
homogeneous slopes for equality via the shell factor by
removing the interaction term (Huitema 1980).

RESULTS
Luminescence induced by Mn marking
Observed under CL-microscopy, shell cross-sections
in the hinge of all Mn-marked oysters showed 2
closely-spaced and bright, orange-red luminescent
lines (Fig. 3). The emission spectra of these 2 lines

Fig. 4. Crassostrea gigas. Emission spectra obtained by SEMCL on shells relative to (a) 1 of bright luminescent marking
lines induced by Mn marking (magnification 1000×, analytic
area 200 × 20 µm), and (b) areas of bright natural luminescence (orange-red area, Curve A) and of weak natural
luminescence (purple-blue area, Curve B) (magnification
400×, analytic area 300 × 200 µm)

peaked at 620 nm (Fig. 4a) consistent with manganese-activated luminescence. Thus, these 2 lines
correspond to the 2 successive markings on 15 and
18 June 1999. A third, bright-orange luminescent line,
with an emission spectrum also centered on 620 nm,
was also detectable, but only on 19 of the 25 shells
examined (example in Fig. 3), and correspond to the
marking on 21 October. The reason as to why about
25% of the samples did not exhibit the third mark is
unclear. The width (and thus visibility) of the marks
depends on the growth rate of the oysters, and interindividual variations in growth may explain this result.
The mean daily growth rate was estimated to be 0.39%
from May to June (0.19% SD) (Alunno-Bruscia et al.
2001) during the period of the 2 first markings (June).
It then slightly decreased to 0.25% (0.08% SD) from
September to November, when the 3rd marking occurred, and finally reached 0.06% in winter. Thus,
in October, Mn should have been incorporated into
the growth layers: the resultant low CL intensity may
have been under the detection limit of the ‘cold-cathode’ technique used in the present study.
Examination of the ventral edge of 10 shells collected 24 h after marking revealed a thin luminescent line
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The shells also exhibited natural
background luminescence, contrasting
with the Mn marking induced luminescence in both intensity and color. The
background graded from purple-dark
blue to orange-red (Fig. 3b), with an
emission spectrum peaking at 620 nm,
but with different amplitudes, indicating
variation in the concentrations of Mn2+
(Fig. 4b, Curves A and B). Mean Mn concentrations were higher in orange-red
areas (≈15 ppm) than in purple-blue areas (≈ 2.5 ppm, Langlet 2002). Contrast-

1 mm

b

100 µm

c

First mark:
06/15/1999
06/16/1999
06/17/1999

WTH

Temporal variations in natural
luminescence

ing with the relative uniformity of the dark blue areas,
orange-red areas were characterized by alternating
bright (i.e. luminescent) and dark (i.e. non-luminescent)
lines (Fig. 3b). The distance between 2 bright lines and
their CL intensity changed over the year from about 10 to
30 µm (Fig. 5c). Below a threshold of 10 µm, the lines
were less distinct because of decreasing CL intensity.
As revealed by the CL-microphotograph (Fig. 3) and
the temporal profile of luminescence intensity (Fig. 6),
natural luminescence varied over time at 3 distinct
scales, identified from the 4 chronological references,
the 3 artificial Mn-markings (15 and 18 June, 21 October 1999), and the final sampling (14 March 2000 for
Shell SH1). Another mark was consistent with the

GRO

followed by a non-luminescent carbonated layer just
below the ventral margin (distance < 50 µm), which
was visible in all 10 shells. This suggests rapid coprecipitation of Mn in the shell during the 4 h marking
period, i.e. a short time lag due to metal storage in soft
tissues or ionic transport to the shell. Thus, the artificial
lines can be considered precise temporal marks.
The luminescent marking lines were visible across
the whole shell, from the ventral margin to the hinge
(Figs. 3 & 5), and crossed the limit between the foliated
bands (i.e. translucent bands in transmitted light) and
the lenses of chalky calcite (dark areas in transmitted
light) (Figs. 2 & 5a). The lines were between approximately 5 and 20 µm wide, depending on calcite type
(wider in the chalky than in the foliated
structure; Fig. 5a). Their width could not
a
be estimated easily because of the differences in the optical properties of the
2 microstructures. The spatial layout of
calcitic blades is less organized in the
chalky (porous structure) than in the foliated microstructure (higher density),
resulting in a greater diffraction of light
in the former. The distance between the
2 close marking lines was greater in the
chalky than in the foliated calcite, in accordance with the deposition of carbonates in the same quantity but of a different density. The marking lines changed
in color from orange (620 nm peak emission), high intensity, in the hinge (calcite) area to yellow-green (540 nm
wavelength), lower intensity, in the ligament (partly aragonite) (Fig. 5b). This
indicates that the 2 carbonate polymorphs, calcite and aragonite, were secreted simultaneously.

Second mark:
06/18/1999

100 µm

Fig. 5. Crassostrea gigas. Cathodoluminescence microphotographs of polished
cross-section from (a,b) hinge and (c) ventral margin of shell. In (a, c) 2 bright luminescent lines induced by Mn marking (15 and 18 June 1999) are clearly
visible within contrasting natural luminescence. In (a) white arrow indicates
transition between foliated and chalky calcite, black arrow shows growth direction. In (b), marking line corresponding to 21 October 1999 crosses limit between calcitic hinge and aragonitic ligament, and changes color (yellow-green
in ligament) and intensity (lower in ligament). Color balance and luminosity
were adjusted to highlight natural and experimental luminescence in the ligament. In (c) 2 pairs of lines (1 luminescent /1 non-luminescent) of natural luminescence are visible between the 2 experimental marks (15 and 18 June 1999);
each pair may represent a daily growth layer. Dates on figure are mm/dd/yy
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Days
‘transplantation’ of the oysters into Thau lagoon (from
15 to 18 March 1999). At a seasonal scale, the highly luminescent (i.e. orange-red) areas (Fig. 3b: Zone B) with
the highest LI (Fig. 6b) corresponded to late spring and
summer, from April to late September (Fig. 6c); the purple-blue areas (Fig. 3b: Zones A and C) corresponded
to fall and winter, from October 1999 to March 2000
(Fig. 6c) when LI was lowest (Fig. 6b; see also Fig. 4b).
At an intermediate temporal scale (>1 d), fluctuations in
natural luminescence revealed 6 distinct periodicities of
close to 7 d each, as revealed by spectral analysis of the
temporal profiles of the 4 shells SH1, SH2, SH3 and
SH4 (Table 1); natural luminescence reached maximum
CL intensity in August 1999 (Fig. 6c.), corresponding to
the higher Mn concentrations in the shell at that time
(21.7 ppm; Langlet 2002). At a daily scale, 2 lines of natural luminescence were clearly visible in all the 25
shells analyzed between the 2 experimental Mn markings in June (Fig. 5c); these 2 lines of natural luminescence were separated from each other and from the 2
bright marking lines by 3 purple-blue lines, and could
be attributable to daily growth increments in the shells
during the 2 d interval between 15 and 18 June.

Fig. 6. Crassostrea gigas. (a) Stages
for creating and processing temporal (line) profile of luminescence
intensities (LI) by digitizing a CLmicrophotograph, followed by (b)
digital analysis with NIH Image
software along growth axis, resulting in (c) temporal series of LI. We
used 5 chronological references to
assign dates to each estimated
value of LI in (c), the ‘natural’
marking reflecting oyster transplantation into Thau lagoon between 8 and 18 March 1999; the
3 artificial Mn markings on 15 and
18 June, and on 21 October 1999;
and dates for final sampling of oysters in March (Shells SH1, SH2),
April (Shell SH3) and July 2000
(Shell SH4). Results are shown for
Shell SH1 only, but were similar
among all 4 shells. Dates in Graph
(c) are mm/dd/yy

Relationship between hydrological parameters
(water temperature, dissolved oxygen) and intensity
of natural luminescence
There was a significant correlation between water
temperature (T) and luminescence intensity (LI) in the
4 shells analyzed under CL (Fig. 7). LI clearly increased with increasing water temperature, while T exhibited seasonal variations ranging between 6.6°C in
early November 1999 and 27.2°C in August 1999
(Alunno-Bruscia et al. 2001). These results were consistent with the seasonal variation in natural luminescence in the foregoing subsection (see also Fig. 3). Significant regressions of T against LI were obtained for
each of the 4 shells (Table 2a). The comparison of these
regression lines revealed that slopes and elevations
were homogeneous among the shells SH1, SH2 and
SH4 (Table 2b), for which a final adjusted model was
estimated: LI = –43.699 + 6.604 · T (r2 = 0.635; sample
size, N = 603). However, the relationship of T with LI in
SH3 differed significantly from that of the other 3
shells (Table 2). For any given temperature, LI was not
significantly different in SH1, SH2 and SH4; in Shell
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Table 1. Crassostrea gigas. Periods of luminescence intensity
(LI) and corresponding power for 4 oyster shells (SH1, SH2,
SH3, SH4) from Thau lagoon, obtained by the fast Fourier
transformation on discrete detrended (5th order fitted polynomial model) LI time series
Shell

Period (d)

Power

SH1

96
52
35
22
13
7

1.740.106
1.184.106
2.215.106
6.140.105
2.983.105
1.579.105

SH2

85
50
33
21
13
7

2.281.106
5.439.105
2.272.106
5.175.105
1.140.105
1.140.105

SH3

95
52
31
24
14
7

9.094.106
7.339.106
2.047.105
5.263.105
5.526.105
1.140.105

SH4

103
53
35
22
14
7

2.061.106
2.193.106
5.702.105
3.860.105
1.667.105
1.097.105

DISCUSSION
Manganese marking method
Our study clearly showed that 4 h immersion of Crassostrea gigas in a seawater bath enriched with Mn2+
(25 ppm) at a temperature of 22.3 or 23°C, led to the
incorporation of Mn2+ in the carbonate lattice of oyster
shells. This non-invasive marking method is very convenient for many reasons: easy implementation, (relatively low concentration of the marker, high solubility
of manganese chloride, short time of exposure), high
specificity of the chemical marker (rapid and permanent incorporation of Mn2+ by substituting Ca2+ in the
crystal network) and very low cost. Moreover, CL detects the Mn2+ incorporated into the carbonates at low
concentrations (< 5 ppm) (Barbin 2000, Langlet 2002).
The Mn2+ concentration of 25 ppm we used was much
higher than the natural levels of manganese in marine
environments (from 0.1 ppb to 8 ppb: Hood 1972), and
allowed us to obtain a bright luminescent marking
band that contrasted with natural luminescence and
caused no mortality of the oysters.
Our Mn marking method also revealed that the
transfer of Mn2+ from the marking bath to the shell and
its incorporation into the calcite lattice (bright luminescent line) occurred very quickly. The lag phase between application of the marker and its expression in
the shell was less than 24 h (a luminescent line was
present at the shell margin in specimens collected 24 h
after immersion in the Mn-solution). Thus, each natural luminescent line found between the 2 close experimental marks could be reasonably attributed to daily
shell increments (Fig. 5c). Our results also suggested a
short period for shell/seawater equilibration after replacing the oysters in the field (no artificial luminescence between 2 close markings), indicating both
quick transfer and turnover of this element in the soft

Luminescence intensity (AU)

SH3 and for Tmin < 5.8°C, however, LI was lower than in
the other 3 shells, while it was greater than in the
3 other shells for Tmax >13.2°C. Both Tmin and Tmax were
estimated according to Huitema (1980).
We also found a significant correlation between
dissolved oxygen concentration in the water and luminescence intensity for the 4 shells (Table 3a). O2 concentration is physically linked to the water temperature, and during our experiment we
found a significant linear relationship
250
between O2 concentration and T (ordinary least square regression model: T =
200
–1.516·O2 + 31.287, r2 = 0.551, p = 0.001,
N = 94). Over the study period, O2 con150
centration was lower during the summer (≈ 6.3 ppm on average) than during
100
the fall and winter (≈10.5 ppm), and
varied between 4.1 and 12.5 ppm.
50
Slopes of the regressions of O2 against
LI for the 4 shells were clearly negative
0
(Table 3b). Slopes among the 4 shells
6
11
16
21
26
were homogeneous, with an adjusted
Seawater temperature (°C)
common value of –9.480; elevations
Fig. 7. Crassostrea gigas. Scattergrams of luminescence intensity (arbitrary
also did not differ significantly among
units, AU) against water temperature for 4 shells. Luminescence intensity
was obtained from line-plot profile in calcitic shells of oysters (Fig. 6a)
the 4 shells (Table 3b).
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Table 2. Crassostrea gigas. (a) Ordinary least-square regressions of water temperature (T, °C) against luminescence intensity (LI)
in 4 shells (SH1, SH2, SH3, SH4) of oysters from Thau lagoon; (b) Tests for homogeneity of slopes and elevations of significant
regressions compared among shells by analysis of covariance. N: sample size
(a)
Shell

Regression

r2

F

p

LI = –57.295 + 6.765·T, °C (1)
LI = –36.870 + 6.510 ·T, °C (2)
LI = –74.812 + 9.557 ·T, °C (3)
LI = –36.221 + 6.506 ·T, °C (4)

0.723
0.577
0.672
0.694

520.90
270.03
410.17
453.56

< 0.0001
< 0.0001
< 0.0001
< 0.0001

MS

F

p

N

SH1
SH2
SH3
SH4

200
202
202
202

(b)
Slope
(1) vs. (2) vs. (3) vs. (4)
(1) vs. (2) vs. (4)
(1, 2, 4) vs. (3)
(1) vs. (2)
(1) vs. (3)
(1) vs. (4)
(2) vs. (3)
(2) vs. (4)
(3) vs. (4)
Elevation
(1) vs. (2) vs. (3) vs. (4)
(1) vs. (2) vs. (4)
(1, 2, 4) vs. (3)
(1) vs. (2)
(1) vs. (3)
(1) vs. (4)
(2) vs. (3)
(2) vs. (4)
(3) vs. (4)

df

SS

3
2
1
1
1
1
1
1
1

25316.06
168.75
25171.41
122.56
15019.14
129.25
17422.60
0.03
17876.16

8438.69
84.38
25171.41
122.56
15019.14
129.25
17422.60
0.03
17876.16

15.84
0.16
47.26
0.23
28.20
0.24
32.71
0.00
33.56

< 0.0001
0.8535
< 0.0001
0.6316
< 0.0001
0.6224
< 0.0001
0.9943
< 0.0001

3
2
1
1
1
1
1
1
1

8426.77
2390.66
6090.85
1669.64
1279.76
1862.96
5820.80
1.71
6198.54

2808.92
1195.33
6090.86
1699.65
1279.76
18692.96
5820.80
1.71
6198.54

5.27
2.24
11.43
3.19
2.40
3.50
10.93
0.00
11.64

0.0013
0.1067
0.0008
0.0744
0.1215
0.0618
0.0010
0.9548
0.0007

tissues and a preferential accumulation in the calcified
parts, as shown for C. virginica (Carriker et al. 1980b,
Huanxin et al. 2000). Oysters from the genus Crassostrea have a very thin periostracum (Carriker et al.
1980a), and the pallial retractor muscles that connect
the ventral lobe of the mantle to the shell are few and
Table 3. Crassostrea gigas. (a) Ordinary least square regressions of dissolved oxygen concentration (O2) against
luminescence intensity (LI) in 4 shells (SH1, SH2, SH3,
SH4) of oysters from Thau lagoon; (b) Tests for homogeneity
of slopes and elevations of significant regressions compared by analysis of covariance. ns: non-significant, p > 0.05;
** 0.001 <p ≤ 0.05; *** p < 0.001; N: sample size
(a)
Shell
SH1
SH2
SH3
SH4

r2

Regression
LI = 155.403 – 9.825 · O2
LI = 159.791 – 8.767 · O2
LI = 197.353 – 11.243 · O2
LI = 155.803 – 8.129 · O2

(1)
(2)
(3)
(4)

(b)
Slope
(1) vs. (2) vs. (3) vs. (4)
Elevation (1) vs. (2) vs. (3) vs. (4)

0.487
0.398
0.389
0.340

F
18.98***
13.25**
13.95**
12.40**
0.75 ns
2.48 ns

N
22
22
24
26

thin (no pallial line) (Stenzel 1971). Consequently, the
extrapallial cavity is not well isolated from the seawater when the valves are opened. This probably facilitated direct transfer of Mn2+ from the marking bath to
the extrapallial fluid and to the site of mineralization,
which would explain the short lag times observed.
For other marine bivalves with a more isolated extrapallial cavity, Mn marking may not prove so efficient.
Manganese was used for marking shells of the abalone
Haliotis rubra by Hawkes et al. (1996), but under more
restrictive conditions — a higher concentration (50 ppm)
and longer immersion time (48 h) than in our study. In
freshwater bivalves, their better regulation of the trace
metal composition of the extrapallial fluid compared to
marine bivalves (Wada & Fujinuki 1976) would lead to
reduced efficiency of Mn marking. A lag phase and
equilibration period of up to several days was reported
for the freshwater bivalve Hyridella depressa experimentally exposed to elevated water concentrations of
Mn2+ (20 ppm) for 2 to 6 d by Jeffree et al. (1995).
Other chemical markers that bind to calcium during
shell mineralization, such as fluorochromes, calcein or
tetracycline analogues, have been used to create
bright lines in bivalve shells when observed under
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fluorescence microscopy (Day et al. 1995, Kaehler &
McQuaid 1999, Sato-Okoshi & Okoshi 2002). However,
marking methods with fluorochromes often require a
relatively long exposure time (12 to 48 h) to produce
discernible marks (Day et al. 1995, Sato-Okoshi & Okoshi 2002) and/or high concentrations of the markers,
and this may lead to substantial mortality (e.g. with
tetracycline and also calcein: Day et al. 1995). Moreover, fluorochromes can be expensive, and there can
be difficulty in distinguishing induced growth marks
from naturally occurring autofluorescence (see Day et
al. 1995, Kaehler & McQuaid 1999) or due to contamination of the external shell layers (Kaehler & McQuaid
1999). Fujikura et al. (2003) used strontium chloride
(SrCl2) to mark the clam Ruditapes philippinarum, and
this produced enriched Sr layers visible as bright
bands in the back-scattered electron image under
scanning electron microscopy. Although their method
was effective in detecting microscopic increases in
shell growth, the immersion time in the Sr chloride
solution (from 17 to 24 h) led to substantial mortality.
Thus, compared to methods using other chemical markers, the Mn marking method appears to be more convenient and specifically well adapted to biomineralization processes. However, further experiments should
be performed on other bivalve species to confirm the
rapid transfer of Mn2+ to the mineralization site and
the reliability of the marking procedure, especially in
freshwater bivalves.
Beyond the Mn marking method itself, our CL analysis revealed the shell hinge as a very suitable marking
area, since it records the whole shell history of Crassostrea gigas reared in Thau lagoon. Moreover, the
relationship between hinge growth and shell length
growth was found to be linear (r 2 = 0.71 in Langlet
2002). Our method, which combines Mn markings and
analysis of seasonal variations in luminescence intensity in the hinge, offers new opportunities for determining age and growth patterns of wild populations of
C. gigas.

Simultaneous deposition of various calcitic structure
and CaCO3 polymorphs
The luminescent marking lines were very informative as to the carbonate deposition process in the shell
of Crassostrea gigas. On the one hand, luminescent
marking lines were visible across the whole shell, indicating unambiguously the presence of growth layers
and also growth direction (Fig. 3); on the other hand,
they provided evidence that both foliated and chalky
calcite microstructures (Figs. 2 & 3a) were deposited
simultaneously. The foliated bands were probably
secreted during the summer (bright orange-red lumi-

nescence) and winter (dark blue luminescence). Thus,
neither of these calcite structures are useful as sclerochronologic markers (i.e. as independent markers of
seasonal growth in the shell of C. gigas). This agrees
with the conclusions of Surge et al. (2001) who, in contrast to seasonal variations in isotopic composition,
found no seasonal pattern for the translucent growth
bands in the shell of the American oyster C. virginica.
The distribution of these 2 forms of calcite may have a
structural purpose rather than reflecting a seasonal
pattern of shell growth (Surge et al. 2001). The dense
foliated calcite may ensure the solidity of the shell,
whereas the porous chalky calcite may allow the rapid
adaptation of shell shape to the substratum on which
the bivalve settles (Carriker et al. 1980a). Finally, the
2 carbonate polymorphs calcite and aragonite were
probably secreted simultaneously, as indicated by the
changing wavelength of the marker lines from 620 nm
in the hinge area (calcite) to 540 nm in the ligament
(partly aragonite: Stenzel 1962). Our results confirm
the usefulness of CL analysis in revealing the complex
functioning of the mantle epithelium with respect to
carbonate deposition on a microscale (Hawkes et al.
1996).

Variations in natural luminescence intensity
at daily and tidal scales
Our results indicate that the pair of natural luminescent lines with the adjacent purple-blue line (nonluminescent line) is deposited daily. The terminology
‘luminescent increment’ will be used here to describe
this daily growth unit observed under cathodoluminescence of Crassostrea gigas. Microgrowth increments
have been described as daily increments (light –dark
cycle) in intertidal and subtidal shells (Lutz & Rhoads
1980 [review], Richardson 1996). Other studies have
pointed out the predominance of sub-daily rhythms
within the shell of bivalves (see Cerrato 2000 for review), reflecting a tidal rather than a light –dark cycle.
Thus, it seems reasonable to attribute a semi-diurnal
frequency to each luminescent or non-luminescent line
deposited in the hinge of C. gigas in Thau lagoon.
However, it is difficult to discriminate between tidal
influences and the influence of the circadian cycle
(Bourget et al. 1991). A deposition rhythm of approximately 1 ring per tidal cycle was shown for C. virginica
(Palmer & Carriker 1979) and C. gigas in the field
(Piquet 1994). Each luminescent increment in the present study may be similar to the pair of semi-diurnal
increments (defined on the basis of increment transparency) separated from each other by a diffuse rather
than a distinct boundary that have been described for
other bivalves (Richardson 1987, 1996, Cerrato 2000).
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At a daily scale, transparency has been clearly correlated with metabolic rate and rapid changes in water
temperature (Lewis & Cerrato 1997). The similarity
between the transparency and luminescence contrasts
in the shell at the microscale suggests that CL analysis
(a chemical analysis) may provide new insights into the
physiological processes of depositional mechanisms.
In the shell, daily variations in the organic matter
content of the Ca-carbonate may control the daily variations in luminescence intensity by varying the proportion of sites of Ca2+ substitution by Mn2+. The alternation of Ca carbonate-rich layers and organic-rich
layers at a 10 µm scale, attributed to daily or sub-daily
variations in shell growth, has been well documented
for numerous species of bivalves (Gordon & Carriker
1978, Lutz & Rhoads 1980, Bourget et al. 1991). These
changes are classically interpreted as reflecting periods of shell deposition and shell dissolution, which
occur during aerobic and anaerobic respiration, respectively (Lutz & Rhoads 1977). In the intertidal zone,
rhythmic shell closure during low tide results in such
growth structures (Gordon & Carriker 1978). In Thau
lagoon, oysters are continuously immersed, and periodic shell closure has never been observed. However,
an endogenous cycle may control the formation of
growth increments, with a semi-diurnal periodicity as
suggested for other bivalves (Cenni et al. 1990,
Richardson 1996), and thus may control the daily variations in luminescence intensity of Crassostrea gigas
shells.
Alternatively, daily variations in Mn bioavailability
in seawater may affect the Mn2+ content of the oyster’s
shell. The daily cycle of sunlight intensity has been
shown to directly affect the Mn2+ concentration in surface seawater by photoinhibiting manganese oxidizing
microorganisms (Sunda & Huntsman 1990). In contrast, sunlight has been shown to exert a stimulatory
effect on the reductive dissolution of natural Mn oxides
produced by microbial activity in seawater (Sunda &
Huntsman 1994). Such mechanisms involving photoperiod are conceivable in a shallow semi-confined
environment such as Thau lagoon, where the hydrodynamic flow is reduced by the presence of the shellfish
farms.
At an intermediate temporal scale (>1 d), spectral
analysis of the luminescence revealed periodicities of
close to 7 d each (Table 1) that may reflect tidal
patterns (lunar phase, fortnightly tidal cycles, spring
and neap tides). Kennish (1980) has shown, in the shell
of Mercenaria mercenaria that sub-millimetric growth
marks are organized into cycles of decreasing and
overlapping periods, with groups of about 30 marks
reflecting high spring and low neap tides (29 d), and
sub-divisions into groups of 6 to 8 marks corresponding to an approximately fortnightly cycle: neap and
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spring tide (14 d). In other studies, pairs of sub-daily
increments based on shell transparency often fluctuated from strong to weak over a fortnightly period,
although little or no change in increment width was
observed (see Cerrato 2000 for review).
In Thau lagoon, lunar phases may exert some influence through increased seawater renewal during
spring tides and a concomitant variation in the physicochemical characteristics of the water. The variations in
the dissolved oxygen concentrations observed in Thau
lagoon may reflect the influence of lunar cycles. These
variations may affect the processes involved in the biomineralization and incorporation of Mn2+ in Crassostrea
gigas shells.

Role of water temperature and Mn bioavailability
in seasonal patterns of natural luminescence
In summer, the high water temperature recorded in
Thau lagoon was associated with both an increase in
Mn2+ concentrations in the oyster shells, reflected in
CL intensity (Figs. 3 & 6) and a high shell growth rate
(Alunno-Bruscia et al. 2001, Gangnery et al. 2003).
This suggests that water temperature mainly controls
shell luminescence, influencing both the rate of cation
transfer from the water to the site of mineralization in
the shell and Mn bioavailability in the surrounding
water.
Water temperature is known to modulate both shell
growth (Héral et al. 1984) and the biomineralization
process in bivalve shells through biological control
(Wheeler 1992). For instance, shell transparency (observed from thin sections) was shown to vary on a seasonal as well as a short time-scale basis as a result of
seasonal changes in bottom-water temperature (Lewis
& Cerrato 1997). Stimulation by temperature of the
biomineralization processes (i.e. rate of shell deposition) increases the rate of Ca turnover in the oyster
mantle (see Wheeler 1992). As the bulk of shell calcium comes originates from the external medium, Ca2+
is actively transported from the seawater to the extrapallial fluid during shell deposition (Wilbur & Saleuddin 1983). It has been demonstrated that Mn2+ is used
as an analog of Ca2+ in the uptake of cations from the
external medium (Markich & Jeffree 1994, Markich et
al. 2001). Thus, a rise in water temperature may increase Mn2+ uptake and its transfer to the site of shell
deposition, resulting in higher concentrations in the
growth layers. This agrees with the results of Wada &
Fujinuki (1976), who showed that the Mn2+ concentration in the extrapallial fluid of Crassostrea gigas was
higher (≈ 0.21 ppm) during periods of active shell
growth than during periods of low growth (≈ 0.15 ppm).
In the same way, Mn2+ concentrations in the extra-
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pallial fluid of C. gigas from Thau lagoon probably
increased during active shell growth in summer,
resulting in high Mn2+ concentrations in the relevant
growth layers.
Water temperature, combined with other abiotic and
biotic factors, probably influenced the form of manganese and its bioavailability to filter feeders. Dissolved manganese Mn2+ is considered the most bioavailable form for bivalves (‘Free Ion Model’:
Campbell 1995). The relative balance between Mn2+
oxidation and Mn oxide reduction (Mn bioavailability)
is largely controlled by the concentration of dissolved
O2 , the solubility of which is temperature-dependent.
In our study, dissolved O2 concentration and pH decreased from May to August 1999 during periods of rising temperatures (Alunno-Bruscia et al. 2001). In Thau
lagoon, which supports intensive shellfish culture,
water temperature has a great influence on the development of hypoxic or anoxic conditions because of the
lagoon’s low tidal range and its narrow connection
with the sea, which limits water renewal and resuspension of organic-rich sediments (Souchu et al. 1998).
Sediments in the study area consist of more than 80%
of thin particles (silts < 63 µm), and contain a large proportion of organic matter (Pena & Picot 1991). The silt
fraction has a large adsorption surface and its richness
in colloidal particles possibly traps trace elements
under oxic conditions (Kessick & Morgan 1975, Boulègue et al. 1978). Moreover, organic matter is involved
in biogeochemical cycles, especially in the speciation
of redox-sensitive elements such as Mn. A rise in temperature lowers the solubility of O2 and its concentration in water by increasing the metabolic consumption
of O2 by living organisms. In the sediments, it also
stimulates the activity of heterotrophic bacteria, which
catalyze the reduction of Mn-oxides (non-soluble
MnO2 or Mn(OH)x) that comprise a source of oxygen
for degradation of organic matter (Sundby et al. 1986,
Souchu et al. 1998). These conditions favor the reduction and dissolution of the Mn-oxides or Mn2+ bound to
biological debris that are trapped in the sediments.
Large amounts of Mn2+ may then be released into the
water column, as shown by Fernex et al. (1984) for the
NW Mediterranean shelf. In fall and winter, however,
water temperature decreases, important rainfall occurs
(about 64% of the total rainfall was recorded from September 1999 to January 2000: Alunno-Bruscia et al.
2001), and waters are mixed due to strong winds and
periodic storms; this results in oxic conditions which
favor the trapping of Mn2+ in the sediments. Dissolved
Mn is then less available, which may explain why, in
the present study, the experimental marking lines
were less intense in Crassostrea gigas shells in October
1999 when the water temperature was about 17°C.
Combined with the concomitant reduction in growth of

oyster shell length observed between September and
October 1999 (Alunno-Bruscia et al. 2001), this may
have reduced both the uptake of Mn2+ and the number
of potential sites of Mn incorporation into the carbonates, thus decreasing the efficiency of Mn-marking in
the fall.

Further applications of Mn marking method
The present method, which combines Mn markings
and analysis of the temporal variations of luminescence intensity in the hinge of oysters, has numerous
applications of significant interest to various research
fields. In bioenergetics and biology, it could be applied
in quantifying the rate of carbonate deposition on a
daily and a seasonal scale and, combined with other
data on shell transparency (Lewis & Cerrato 1997) or
shell chemistry (Lorrain et al. 2005), be used to estimate the energetic costs related to biomineralization
processes and shell construction or repair. This could
be very helpful in refining bioenergetics models for
bivalves (e.g. Bayne & Newell 1983). Moreover, cathodoluminescence could be used to determine age in
Crassostrea gigas, and thus provide data critical for
estimating growth patterns, recruitment, and survivorship of wild populations of oysters (Cardoso et al. in
press): CL investigations on C. gigas shells along the
European Atlantic coasts (from Portugal to The Netherlands) have revealed variations in color and intensity of luminescence, although the contrasts are lower
than those in Thau lagoon. Low CL intensity in shells
from intertidal areas is consistent with a very low concentration of dissolved Mn in oxygenated seawater.
Our method could have significant implications in ecotoxicology and biomonitoring. In coastal or estuarine
waters and sediments, manganese is involved in many
biogeochemical redox processes involving carbon
degradation, which directly affect cycles of toxic elements such as mercury and sulfate (Hines et al. 1997,
Quemerais et al. 1998). The Mn-induced luminescence
in the shell of bivalves used as bioindicators could
improve the monitoring of water quality and nutrient
cycling, and also provide valuable data on oxygen concentrations or temperature in bottom or pore waters.
Finally, the method could find applications in paleoecology, paleontology and archeology. Combined with
other chemical proxies (Surge et al. 2003), CL could
help elucidate variations in hydrological parameters of
past environments recorded in shells. In archeological
studies, it could provide information on shellfish collection in relation to the use of coastal resources and
their role in the economy of ancient human settlements
(for instance, shell middens, that are found in coastal
zones worldwide). Both Ostrea edulis from Gallo-
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Roman sites and fossil oysters from Jurassic stratigraphic levels have shown differences in background
luminescence intensity that probably reflect seasonal
growth rate or paleotemperature variations and also
indicate the season of death (Langlet 2002).
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