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Abstract – To make a preliminary exploration of the possibilities and limits of magnetic resonance imaging (MRI)

for assessing body growth and gonad development of the Pacific oyster, Crassostrea gigas, individual monitoring was
conducted on diploid and triploid oysters in their second year, maintained from February to October in a pond on the
French Atlantic coast. Magnetic resonance imaging was done on each oyster on five dates during the study period.
From these images, variations in the volumes of the flesh, digestive gland–gonad and adductor muscle, and the surface
of the gills were measured over time. Apart from the well known diﬀerences between diploids and triploids related to
maturation of gametes, other original observations of assessing growth were made from these MRI measurements using
a non-invasive technique. The standard error of mean dry flesh variation was lower than that found by other commonly
used measurement methods. A negative correlation was established between the volume of the gametes spawned and the
increase in dry flesh volume after spawning. Moreover, these variations were correlated with the chemical composition
of the adductor muscle. All these observations and conclusions need to be confirmed by further observations on oysters
of diﬀerent sizes or grown in diﬀerent environments.
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Résumé – Pour explorer les possibilités et les limites de l’imagerie en résonance magnétique (IRM) sur la croissance

corporelle et le développement des gonades de l’huître, Crassostrea gigas, des suivis individuels ont été eﬀectués sur des
huîtres diploïdes et triploïdes âgées de 2 ans, élevées en bassins de février à octobre sur les côtes Atlantiques françaises.
L’IRM a été eﬀectuée sur chaque huître, à cinq dates durant la période d’étude. Les variations de volume de la chair, de
la glande digestive et du muscle adducteur, et de la surface des branchies ont ainsi été mesurées. A part les diﬀérences
bien connues entre huîtres diploïdes et triploïdes liées à la maturation des gamètes, d’autres observations originales sur
la croissance ont été eﬀectuées à partir de ces mesures au moyen de l’IRM, technique non-invasive. L’erreur standard
sur les variations de la chair sèche sont plus faibles que celles trouvées par les méthodes classiques. Une corrélation
négative est observée entre le volume des gamètes émis et l’accroissement du volume de chair sèche après la ponte. De
plus, ces variations sont corrélées avec la composition chimique du muscle adducteur. Ces observations et conclusions
demandent à être confirmées par d’autres observations sur des huîtres de diﬀérentes tailles ou cultivées en conditions
environnementales diﬀérentes.

1 Introduction
Standard methods for measuring the growth of the soft
parts of juvenile and adult Crassostrea gigas or for evaluating the evolution of the gonad are destructive, as they involve
the dissection of the flesh from the shell. Measurements and
observations are commonly made on random samples from
large groups of oysters, whereas individual monitoring is seldom done (Lango-Reynoso et al. 2000; Lango-Reynoso et al.
2006).
a
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Variability within groups of oysters is wide due to their
great capacity for adaptation to environmental conditions
(food, temperature and salinity; Enriquez 2004). As a consequence, the spawning of a group of oysters is often observed
to spread over some weeks, even months (Dinamani 1987;
Shpigel 1989; Ruiz et al. 1992; Kang et al. 2000; Enriquez
2004; Dridi et al. 2007). Under certain environmental conditions, part of a stock can spawn a second time in the same
year (Maurer and Borel 1986). It has been established that the
“trade oﬀ” between growth and reproduction (Ernande et al.
2004) can be inherited (Degrémont et al. 2005, 2007), but no

Article published by EDP Sciences

332

P.J. Hatt et al.: Aquat. Living Resour. 22, 331-339 (2009)

Table 1. Measurement timetable.
The number of oysters measured on each date is reported for each type of measurement and for each of the three groups (2N = diploid oysters,
3NN = triploid oysters produced by crossing tetraploids and diploids, 3NC = triploid oysters by treatment with cytochalasin-B of fertilised
oocytes). Some oysters that were weighed went through MRI 0.2 T. Four of them went through MRI 4.7 T in each group.

Date

Feb.-27
Apr.-11
May-30
July-11
July -12
Oct.-11

Gross weight of the
whole oyster

2N
3NN
67
65
same oysters
same oysters
same oysters
10 individuals/group
whole soft body and
56
46

3NC
45

35

MRI 0.2 T
Volume: shell cavity,
dry flesh, mature gonad
Grey level: adductor
muscle, digestive gland
+ mature gonad
2N
3NN
34
29
same oysters
same oysters
same oysters
dissected (dry wt of the
sex of the gametes)
24
19

direct relation has been established between the parameters of
growth and gametogenesis at the individual level; this relation
could be useful for comparing variability within families or
within a population.
The present study follows on from the work of Pouvreau
et al. (2006a) and Davenel et al. (2006) on C. gigas. Its aim
is to explore the possibilities and limits of magnetic resonance imaging (MRI) for assessing growth of the soft parts
of individuals, and their gonad development. MRI has already
shown some benefits for studying other aquatic invertebrates
(Brouwer et al. 1992; Bock et al. 2001; Holliman et al. 2008;
Ziegler et al. 2008).
The same individual oysters were measured and scanned
five times, from end of February until mid-October 2007.
These individuals were all oﬀspring of the same group of females and came from one family of diploids and two families
of triploids.
Individual monitoring was achieved by the analysis of successive sets of images from the same oysters, while the other
methods commonly used can be qualified as “group monitoring” as they are based upon samples of diﬀerent individuals at
each measurement date. An important question of this study is
therefore whether conclusions on the growth and sexual maturation of C. gigas would be diﬀerent using an individuallybased MRI method rather than a more commonly used “group
monitoring” method.

2 Material and methods
2.1 Experimental oysters

One group of triploids was obtained by crossing tetraploids
and diploids (Guo et al. 1996); these were named 3NN. Another group of triploids was obtained by fertilisation of oocytes
treated with cytochalasin B, a technique which prevents the
formation of the second polar body (Gérard et al. 1999); these
were named 3NC.
Diploids and 3NC triploids were bred from the same
2 females and 16 males, bought from an oyster farm in

MRI 4.7 T

3NC
34

24

Volume and grey level:
whole soft body,
adductor muscle,
digestive gland + mature gonad
2N
3NN
3NC
4
4
4
same oysters
same oysters
same oysters

same oysters

La Tremblade. Parental age was estimated at around three
years. Triploids in the 3NN group were bred from the same females as the others, but this time fertilised by tetraploid males
from Ifremer stocks.
Reproduction, larvae and spat rearing were conducted in
the Ifremer hatchery at La Tremblade; day of hatching: April
3rd 2006. Larvae are reared in 30 L containers. The oﬀspring
from the diﬀerent females were kept in a separate containers,
according to the usual practice at the La Tremblade hatchery.
Mortality was at a normal level, between 40 and 80%, but
higher in the 3NC group. Settlement occurred from April 24th
to May 4th , depending on group. Spat rearing was first done in
the nursery part of the hatchery. Juveniles were then taken to
the Ifremer nursery at Bouin for the continuation of the nursery
phase from June 16th to September 29th 2006. During this second period, survival varied from 19 to 80%, and was higher for
2N and 3NN than for 3NC. Subsequently, the juveniles were
tray-cultured from October 2006 to January 2007 at an oysterfarm in Ronce-les-Bains. Survival was above 95%.
2.2 Rearing conditions

From February 7th to October 16th 2007, the oysters are
kept in an earth-bottomed pond at L’Houmeau-La Rochelle
CNRS-Ifremer. The initial stock was 75 individuals in each
group. Each oyster was individually labelled with a plastic tag
stuck on its upper valve.
The surface of the pond was 4000 m2 . Oysters were immersed at 20 cm height above the ground and 30 to 50 cm beneath the water surface. Water was renewed at high tide during
every spring tide. The oysters were kept in plastic oyster trays,
0.5 m2 in size with a 10 mm mesh; 1 to 4 kg of oysters per
tray. Temperature and salinity were measured each week using
a multiparameter probe, and chlorophyll was measured by epifluorescence on water samples. To evaluate variation through
the day and between water renewals, these parameters and dissolved oxygen were measured by means of in situ probes every
30 minutes.
The timing of the measurements is detailed in Table 1.
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2.3 Gross weight

Oysters were weighed on the same days as the MR imaging, in Rennes (France). Each oyster was cleaned of extraneous epifauna and mud, drained and weighed on a precision
balance (accuracy 1 mg, gross weight). From February 27th to
July 11th , the gross weight of 177 oysters was measured and,
on October 16th , gross weight of 137 was measured. The daily
relative growth in terms of gross weight was defined as the increase of the logarithm of gross weight from one measurement
to the next, divided by the number of days.
2.4 Magnetic resonance imaging

The same oysters were imaged five times: on February
27th , April 11th , May 30th , July 11th and October 16th 2007,
by means of MRI at 0.2 Tesla. Imaging was performed on 29
to 34 oysters from each group. On July 12th , 10 oysters of each
group were opened and dissected to determine the sex of their
gametes and to weigh their flesh. On the same day, four oysters from each group were MRI imaged at 4.7 Tesla, but none
of these were opened.
MR imaging at 0.2 Tesla
MR images were captured with a 0.2 T Open Siemens
system operating at 8.25 MHz for 1 H and equipped with a
“head” probe. Since the NMR relaxometry study showed that
diﬀerentiation of tissues, on the basis of T2-weighted MRI
images, was not very relevant, and in order to optimize the
signal-to-noise ratio, a T1-weighted spin-echo sequence with
an echo time (TE) of 8-ms value was chosen (band width,
BW = 130 Hz, plane resolution < 1 mm).
The image matrix size was 128 × 128 voxels, with a field
of view of 120 × 120 mm2 . Four to six oysters were scanned
simultaneously, according to their size. On the basis of the results obtained by NMR relaxometry and following an optimisation made on some oysters while varying the repetition time
(TR), a sequence with a TR = 400 ms was systematically applied thereafter to obtain 18 to 23 consecutive transversal slices
of 4 mm thickness per animal, with gradient-echo and spinecho sequences, respectively. To improve the signal-to-noise
ratio, the number of accumulations was set at 15. The acquisition time was 12.5 min for each group of four to six oysters.
The resulting images were orthogonal to the anterior-posterior
axis.
MR imaging at 4.7 Tesla
MR images were acquired at 4.7 T on a horizontal magnet, Biospec 47/40, Bruker-Biospin, equipped with a BG-12
gradient insert and a volume coil. Due to a higher magnetic
field, T2 contrast was more relevant and thus complementary
to images obtained at 0.2 T. A multi-slice multi-echo (MSME)
sequence with a repetition time TR = 2500 ms and an echo
time TE = 40 ms (band width, BW = 50 kHz). To improve
the signal-to-noise ratio, the number of accumulations was set
to 2. As the oysters grew during the eight month experimental
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period, the field of view, acquisition matrix and the number of
slices had to be adapted in order to keep the in-plane resolution constant. When the number of slices was too large for the
TR, acquisition was performed in two steps in order to image
the whole animal with the same TR. Slice thickness was 1 mm
every 1.25 mm. The two diﬀerent acquisition configurations
were:
configuration matrix
field of view
1 128 × 128
25.6 mm × 25.6 mm
2 320 × 160
64.0 mm × 32.0 mm
in-plane resolution
200 μm × 200 μm
200 μm × 200 μm

acquisition time
10 min 40 s
13 min 20 s

The images were orthogonal to the anterior-posterior axis
(“orthogonal images”).
2.5 Analyses of MR images

All the images were analysed using Image J software tools
(National Institute of Health, USA).
Anatomic evolution from MR images at 0.2 T
The volumes of the shell cavity and flesh were estimated on
the 0.2 T MRI, using the relation worked out by Davenel et al.
(2006). A voxel was taken as an element of the dry flesh, if its
grey level was above 52. For each oyster, the volume of the dry
flesh corresponds to the volume of one voxel multiplied by the
number of voxels with the same level of grey. The volume of
one voxel is 3.52 mm3 . From February 27th to July 11th , dry
flesh volume was measured on 97 oysters among the 177 oysters weighed. On October 16th there were only 67 oysters, as
30 had been dissected on July 12th (10 from each group). To
evaluate the relation between the volume of dry flesh and its
weight on this date, ten oysters of each group were dissected,
the entire soft parts were then lyophilised and weighed separately for each oyster.
Anatomic evolution from MR images at 4.7 T
On each 4.7 T MRI, the water in the shell cavity and some
organs could be clearly distinguished (gills, adductor muscle,
heart cavity, digestive duct, labial palps, digestive gland and
mature gonad). Outside of the period of full gamete maturity,
the gonad tissues were not clearly distinguishable from the digestive gland tissues. The digestive gland and the gonad were
therefore taken together as a whole when analysing the pictures. The volume of an organ was defined as the total number
of voxels attributed to this organ for all the images, multiplied
by the voxel volume.
The 4.7 T MRI were more detailed than the 0.2 T MRI, as
the volume of one voxel is 0.05 mm3 .
Measurement of volume variations
The daily relative variation in the volume of the whole soft
body or of any organ is the diﬀerence between the logarithmic values from one measurement to the next, divided by the
number of days between the measurement dates.
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Water temperature

Observation of gonad maturation by MR images at 0.2 T
Temperat.(°C)

The assessment of the maturation of a gonad is based upon
the analysis of the grey level of the images (Davenel et al.
2006). These authors took the adductor muscle as a reference
to evaluate the maturity of the gonad: its grey level is constant
among oysters and within this organ.

25
15
5
23/2

20/4

Evolution of the grey level of the adductor muscle on MR
images at 0.2 T

As on 4.7 T MRI, it was diﬃcult to separate the gonad
from the digestive gland, except during the period of full gamete maturity. The digestive gland and gonad were considered
together when analysing these images. The number of voxels
making up the image of this gland and their grey level were
measured on the same oysters as for the adductor muscle. On
May 30th , it was reasonable to assume that the gonads of the
majority of the diploid oysters were mature. From the comparison of the 4.7 T MR images of diploids on successive dates,
it was possible to see which areas of the gonads had reached
maturity. The number of voxels of these areas and their grey
level were measured and used as a reference for analysis of the
0.2 T MR images.
A “maturity index” was computed as the ratio of the volume of the mature gonad to the volume of the flesh.
The sex of the gametes was determined by microscopic
observation of a biopsy from the gonad of the oysters dissected
on July 12th .
2.6 Statistical analysis

All the methods are from Sokal and Rohlf (1969). Regression lines were compared by means of an analysis of covariance. Values of the parameters on each date were compared
among the three groups by use of an a priori comparison of
means and groups of means in a single classification Model I
analysis of variance. When there was a significant diﬀerence,
an a posteriori analysis was done to detect which groups were
diﬀerent.
For the same parameters, the values of daily relative variations were compared among the three groups and among the
four successive periods of time using a priori comparison of
means and groups with a two-way analysis of variance. When
there was a significant diﬀerence, an a posteriori analysis was
done to detect which groups or which periods of times were
diﬀerent.
The homogeneity of variation in each parameter among individuals within a single group, through the seasons, was analysed using the Kendall rank test: the ranks of the oysters according to the value of the variation of the parameter over one

Salinity (ppt)

30

20
23/2

20/4

15/6
10/8
Date

5/10

Chlorophyll
Chloro.(mg.L-1)

Evolution of grey level and volume of the digestive gland
and gonad on MR images at 0.2 T

5/10

Salinity

40

The adductor muscle could clearly be distinguished on one
to three images, according to oyster size. The number of voxels
and their grey level were measured on each of these images.

15/6 10/8
Date

15
10
5
0
23/2

20/4

15/6
10/8
Date

5/10

Fig. 1. Temperature, salinity and chlorophyll in the oyster rearing
pond.

period of time was compared with the ranks for the next. Another method was also used, inclusive of the four successive
periods of time from February 27th to October 11th : for each
oyster, the four values of the variations of a parameter were
computed, then the χ2 distance was computed between these
values and the four median values for all the oysters of the
same group. This distance was compared with the critical value
of χ2 for 3 degrees of freedom and at 0.05 level (p = 7.85),
with the values for 67 oysters measured (24 diploids, 19 3NN
triploids and 24 3NC triploids).

3 Results
The values of the three environmental parameters are
shown (Fig. 1). Daily or weekly variation was never more than
4 ◦ C for temperature and 5 g L−1 for salinity. Chlorophyll
concentration was high from March to September; it peaked
following water renewal at spring tides and was very low in
October, after there had been heavy rain. Dissolved oxygen
concentration was generally above 6 mg L−1 and the lowest
concentration measured was 2.5 mg L−1 .
3.1 Dry flesh volume and dry flesh weight

From the measurements made on 30 oysters on July 12th ,
a highly significant regression line can be drawn between the
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Daily relative growth
gross weight (%0)

2N

3NN

3NC

30
20
10

24/4

19/6
Date

14/8

9/10

0

0
27/2

Fig. 2. (a) Daily relative growth in terms of gross weight according
to time. The values of daily relative growth for each group are plotted
against time. The vertical bars represent twice the standard deviation
for each point. (b) Daily relative growth of the dry flesh volume, by
0.2 T MRI, according to time.
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diﬀerence between these two groups, for either of the two
parameters. Over the entire experimental period, the growth
of the 3NN triploids was significantly higher.
We examined whether individual growth was homogeneous within each group. When comparing the rank of the oysters according to their growth over one period of time to their
rank during the next (Kendall rank test), the results depended
on the parameter used to measure this growth in terms of:
• Gross weight, there was a high probability that the rank
remained the same, except for the 3NC triploids from July
until October,
• Dry flesh volume, the probability of keeping the same rank
was not significant for any group at any time period.
Similar results were obtained using the χ2 distance between
the individual growth values and the median growth values
(Table 2) in terms of:
• Gross weight, no single oyster was higher than the critical
value, i.e. no oyster,
• Dry flesh volume, 18 oysters out of 67 have growth significantly diﬀerent from the median (nine diploids, six 3NN
triploids, and three 3NC triploids).
Oyster growth was homogeneous and synchronous when the
whole body was considered and heterogeneous and asynchronous when considering the flesh. The χ2 method indicated
that the diploids were less homogeneous than the triploids.
3.3 Comparing results of individual growth monitoring
with the evaluations made by usual methods

It was not significantly diﬀerent from the regression line established by Davenel et al. (2006).

For gross weight and dry flesh volume, the growth values
were the same when computed as (1) the growth of the average
value from one measurement date to the next, and (2) the mean
individual growth. The standard error was always lower with
the second method (Table 3): growth variability was overestimated by the more commonly used method. This growth overestimation was larger in terms of gross weight than in terms of
dry flesh volume.

3.2 Body growth

Evolution in volume of flesh, adductor muscle and digestive
gland–gonad with MR images at 4.7 T

dry flesh weight (DFW, g), and the number of voxels with a
grey level higher than 52 on the 0.2 T MRI (noted GL53):
DFW = (0.06 ± 0.33) + (0.97 ± 0.09)GL53.

The daily relative growth in terms of gross weight (Fig. 2a)
and dry flesh volume (Fig. 2b) show similar evolution, except between May 30th and July 11th : gross weight increased
while dry flesh volume of the majority of diploid oysters decreased. From the 4.7 T MRI of the diploids it can be concluded that gametes are spawned during this period of time,
as spawning is commonly observed at this period of the year
when temperature rises above 19 ◦ C (Chavez-Villalba et al.
2002; Lango-Reynoso et al. 2006; Pouvreau et al. 2006b). This
was confirmed by direct observation of the oysters dissected on
July 12th .
According to the variance analysis of daily relative growth
of the gross weight and dry flesh volume, diﬀerences among
time periods in the three oyster groups are very highly significant. An a posteriori analysis showed a significant diﬀerence between the 3NN triploids and each of the two other
groups: diploids and 3NC triploids. There is no significant

The volumes of flesh, adductor muscle and digestive
gland-gonad were used to obtain the daily relative variation of
each organ for each period of time. Variance analysis showed
a highly significant diﬀerence among periods of time, but no
significant diﬀerence among the groups for any of the three
parameters. The ranking of the oysters according to each parameter was significantly modified from one period of time
to the next (Kendall rank test) whatever successive periods
were compared: daily variations were shown to be diﬀerent
by this method, although this was not detected by the variance
analysis.
Evolution of the grey level of the adductor muscle in MR
images at 0.2 T
Grey level of the adductor muscle generally increased or
remained stable (Fig. 3a), except a decrease in June/July for
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Table 2. Standard error of the daily relative growth in terms of gross weight and dry flesh volume, computed from the average value on each
measurement date (“growth of the average”) and from the average value of the individual growth measurements (“average of the growths”).
This table gives the ratio of the value of the standard error to the value of the growth for each period of time, for each group and for each
method of computing the growth.

Period of time
Daily
relative
growth of
gross weight
Daily
relative
growth of
dry flesh volume

Feb. 27-Apr. 11
Apr. 11-May 30
May 30-July 11
July 11-Oct. 16
Feb. 27-Apr. 11
Apr. 11-May 30
May 30-July 11
July 11-Oct. 16

2N

3NN

Diploids
Growth
Average
of the
of the
average
growths
47%
6%
9%
4%
17%
4%
18%
7%
18%
7%
6%
3%
30%
24%
15%
10%

3NC

Fig. 3. (a) Grey level of the adductor muscle, by 0.2 T MRI, according
to time. The values of the grey level for each group are plotted against
time. The vertical bars represent twice the standard deviation for each
point. (b) Grey level of the digestive gland–gonad, by 0.2 T MRI,
according to time.

some diploids. Variance analysis of adductor muscle grey level
values showed a significant diﬀerence among the groups. Temporal variations in this parameter were significantly diﬀerent
among time periods, but there was no diﬀerence among the
groups. An a posteriori analysis only showed a significant increase for the period from April 11th to May 30th .

3NN Triploids
Growth
Average
of the
of the
average
growths
34%
8%
8%
4%
10%
3%
13%
3%
22%
9%
5%
5%
13%
8%
29%
17%

3NC Triploids
Growth
Average
of the
of the
average
growths
61%
7%
11%
5%
14%
4%
14%
4%
17%
5%
6%
3%
18%
8%
23%
10%

Evolution of the grey level of the digestive gland – gonad
in MR imaging at 0.2 T
Grey level of the digestive gland – gonad increased from
February 27th to May 30th and from July 11th to October 16th
after a decrease from May 30th to July 11th in the majority of
the oysters (Fig. 3b). These variations were greater than for
the adductor muscle. Variance analyses were performed on the
grey level values and the values of their variations between two
successive measurements, giving similar results to those with
the adductor muscle. An a posteriori analysis of the grey levels showed there was only a significant diﬀerence between the
diploids and the triploids on July 11th . There was a significant
diﬀerence between the diploids and the triploids between May
30th and July 11th , but not between July 11th and October 16th .
Thus, diploids and triploids had a similar evolution in composition of the digestive gland–gonad until the diploids spawned.
On each measurement date, there was a significant correlation between the individual values of adductor muscle and digestive gland–gonad grey level, except on October 16th . Moreover, on each date of measurement, the rank of the oysters
based on muscle grey level was not significantly diﬀerent from
their rank based on digestive gland-gonad grey level, except on
October 16th . The two grey levels can, therefore, be considered
to be proportional, except on October 16th .
On May 30th , on all the images of diploids analysed, the
grey level of the areas viewed as “mature gametes” was always
higher than 75. On the same oysters, less than 10% of the voxels attributed to the adductor muscle had a grey level higher
than 75 while all other parts of the flesh had lower grey levels.
It was assumed that all the voxels with a grey level higher than
75 could be attributed to mature gametes on May 30th .
On October 16th , comparison of the 4.7 T and the 0.2 T
MRI showed that all the voxels with a grey level higher than
75 on the 0.2 T MRI were in the same position in the digestive
gland–gonad as the mature gametes were on May 30th and July
11th . Even though there were no more mature gametes left on
October 16th , these voxels were labelled “mature gonad-like
material”.
All the voxels with a grey level above 75 were considered
as parts of a mature gonad or “mature gonad-like material”.
Thus, the “maturity index” is the proportion of voxels with a
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3NN

3NC

diploids
Daily relative variation
mature gonad vol. (%0)

Maturity index

2N

1.5

1.0
27/2

24/4

19/6
Date

14/8

337

9/10

Fig. 4. Maturity index by means of 0.2 T MRI, according to time
The values of the maturity index for each group are plotted against
time. The vertical bars represent twice the standard deviation for each
point.

grey level higher than 75 out of the total number of voxels with
a grey level higher than 52.
On July 12th , from microscope examination of 10 oysters
of each group, it was concluded that all the oysters had gametes. The majority of the diploids had released their gametes
by this date and the gametes of the triploids were not fully
mature.
The rank of the oysters based on the grey level of their
digestive gland – gonad changed significantly from one date to
the next (Kendall rank test), whatever the group or the period
of time. The oysters were asynchronous in their evolution of
the digestive gland-gonad.
Evolution of the volume of the mature gonads by means
of MR images at 0.2 T

The “maturity index” increased for all three groups until May 30th , and then decreased sharply for the majority
of diploids, while the variations were lower in the triploids
(Fig. 4). Analysis of variance indicated that the diﬀerences
among the groups were highly significant, and a posteriori
analysis showed that the diﬀerence was significant between
the 3NC triploids and the two other groups, but not between
the diploids and the 3NN triploids.
Evolution of the “maturity index” was measured by variation of the number of voxels with a grey level higher than 75.
The χ2 distance between the individual variation values and
the median variation values exceed the significance limit for all
diploids, for 24 out of 24 diploids, 17 out of 19 3NN triploids
and 18 out of 24 3NC triploids. According to the “maturity index”, the evolution of every diploid and of the great majority
of the triploids was diﬀerent from the mean group.
Daily relative variations of the the dry flesh and voxel volumes
with a grey level > 75 (mature gonad or “mature gonad-like
material”) on MR images at 0.2 T
Comparing individual daily variations in the dry flesh volume from one period of time to the next, there was no significant correlation for the early period (February 27th to April
11th , April 11th to May 30th and May 30th to July 11th ), but

triploids
30
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Daily relative variation
dry flesh volume (%0)

Fig. 5. Daily relative variation in the volume of the mature gonad or
of the “mature gonad-like material” in relation to the daily relative
variation of the dry flesh volume by 0.2 T MRI from May 30th to
July 11th The value of the daily relative variation of mature gonad
volume is plotted for each oyster against the value of the daily relative
variation of dry flesh volume. Regression lines are plotted separately
for diploid and triploid groups.

a significant correlation for the last two periods of time (May
30th to July 11th and July 11th to October 16th ). To make a more
detailed analysis of these last two periods of time, a comparison was made between the rank of the oysters according to
the decrease in dry flesh volume from May 30th to July 11th
and their rank according to its increase from July 11th to October 16th (Kendall Rank test). The ranks of the diploids were
not significantly diﬀerent (p < 0.01): the diploids that had the
greatest decrease in the first period of time had the highest
increase in the second period of time, and vice-versa. This pattern was not observed in the 3NN or 3NC triploids (p > 0.05).
The number of voxels with a grey level above 75 was very
low or low for the majority of the oysters on February 27th and
April 11th , and was significant only on May 30th . For the subsequent data treatment the two periods of time between February
27th and May 30th were considered as a single time period.
There is a significant correlation between the daily relative
variation of dry flesh volume and the daily relative variation in
the volume of voxels with a grey level higher than 75 (mature
gonad or “mature gonad-like material”) for each period of time
and for each group. A regression line can be drawn for each period of time and for each group. All the values of the slope of
the regression lines are higher than 1. From May 30th to July
11th in the majority of the diploids, the dry flesh volume and
mature gonad volume both decreased (Fig. 5). Spawning occurred in these diploids during this same period of time. Some
other diploids may have spawned after July 11th , but image
was not available for August or September.
During the two periods of time from May 30th to October
16th , a comparison was made between the rank of the oysters
according to (1) the summed decreases in the volume of the dry
flesh and mature gonad between May 30th and July 11th and
(2) the summed increases in the same volumes between July
11th and October 16th (Kendall rank test). For the diploids and
the 3NN triploids, the ranks were not significantly diﬀerent
(p < 0.01): the oysters that had the highest decrease during the
first time period showed the highest increase during the second
period of time, and vice-versa. This was not observed in the
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3NC triploids (p > 0.05). This pattern is slightly diﬀerent from
what is observed with the dry flesh volume alone.
A comparison between the variation of the grey level of
the adductor muscle and the variation of the volume of the mature gonad and of the “mature gonad-like material” (Kruskall
rank test) showed that the ranks of the oysters did not diﬀer
(p < 0.01). As the grey level of the adductor muscle is related
to its biochemical composition, this is an indication that the
evolution of the composition of the adductor muscle according to the season is similar to the evolution of the volume of
the gonad.

4 Discussion
4.1 Growth

Growth was analysed in terms of gross weight and dry flesh
by three diﬀerent methods. When growth was computed from
individual gross weight, the growth curve of each oyster was
not significantly diﬀerent from the median growth curve. However, when growth was computed from individual dry flesh
volume, the growth curve of each oyster was significantly different from the median growth curve.
Secondly, a comparison was made between the standard
deviations of mean growth and those of the means of individual growth. Average growth is commonly computed from the
mean values of a parameter (gross weight or dry flesh volume)
on successive dates. When using MRI, average growth was
computed from the growth measurements made on individuals. For each of the three groups of oysters and each parameter, both values by both methods are equivalent: individual
monitoring gives the same result as the commonly used group
method. The standard deviations from the individual monitoring were smaller than those based on the commonly used
method. This can be attributed to the initial diﬀerence among
individuals, which persists. This diﬀerence among standard
deviations is greater for growth based on gross weight than
for growth based on dry flesh volume.
Thirdly, we examined whether the rank of the oysters according to the growth values was stable through time. The rank
of the oysters according to the growth in gross weight did not
change significantly in the four periods of time from February
27th to October 16th , while rank according to the growth of dry
flesh volume was modified in every period of time.
These three observations are clear indications that the
growth in terms of gross weight is quite homogenous within
a group of oysters and the growth in terms of dry flesh is quite
heterogeneous. Such heterogeneity is also noticeable in the
growth of the adductor muscle and the digestive gland–gonad.
4.2 Evolution of the maturity of the gonads

Gonad maturity can be assessed by the grey level of the
digestive gland–gonad. This increased sharply from April 11th
to May 30th when growth was highest (gross weight, dry flesh,
and digestive gland–gonad).
The grey level of the digestive gland–gonad on 0.2 T MRI
and 4.7 T MRI showed the same evolution for the three oyster groups from February 27th to May 30th . Under the assumption that grey level is related to biochemical composition of the

whole digestive gland–gonad, this is an indication that the evolution of this organ is similar in diploids and triploids. This is
in accordance with previous observations on the lipid content
of the digestive gland–gonad in oysters from an oyster farm
in Marennes-Oléron (De La Parra et al. 2005) and in C. plicatula oysters from an eastern coastal bay of China (Li et al.
2006): there is an accumulation of triacylglycerols, phospholipids and cholesterol at the onset of vitellogenesis and during
gonad maturation, then a sharp decrease after spawning.
On July 11th , there was a marked diﬀerence between most
of the diploids and most of the triploids. For the majority of
diploids, the decrease in the grey level was related to the release of gametes. The decrease observed in some triploids is
lower than that in diploids and can be related to the resorption
of the gametes (Pouvreau et al. 2006b).
From the 0.2 T MRI, the diploids that spawned the most
were seen to be those which subsequently grew the most.
While the triploids had lower growth from July 11th to October
16th than from April 11th to May 30th , the majority of the
diploids had similar growth during these two periods of time.
Observations made on oyster farms can be similar, e.g. De La
Parra et al. (2005) in the bay of Marennes-Oléron in 1997, or
diﬀerent, e.g. Deslous-Paoli and Héral (1988), in the same region in 1979, and Maurer and Borel (1986) in the Bay of Arcachon. Food could have been a limiting factor during these
previous studies, while, in the present experiment, it was not.
As the adductor muscle has been considered a possible reference for assessing the maturity of the gametes (Davenel et al.
2006), this organ was examined closely. The individual variations in the grey level of the muscle are in proportion and
synchronised with the variations in volume of the mature gonad. The grey level is supposed to be related to lipid content,
but the only available data on chemical composition of this
muscle according to the season (Berthelin et al. 2000) are not
in accordance with this hypothesis. In this previous study, the
lipid content of the adductor muscle increased slightly from
February until mid-August, then increased sharply in September, one month after spawning, and then decreased; the carbohydrate content varied slightly throughout the year, without
any marked peak. Under our conditions, the grey level of the
adductor muscles shows the highest increase before the majority of the diploids spawn and no variation is seen afterwards.

5 Conclusion
Individual monitoring by MRI gives the same results as
commonly used “group monitoring” methods, when measuring oyster growth in terms of gross weight or dry flesh.
With both methods there was a significant diﬀerence among
diploids, 3NC triploids and 3NN triploids, and among periods of time through the year. However, individual monitoring revealed that the growth of the flesh is heterogeneous and
asynchronous within each group, while the growth of the gross
weight is both homogeneous and synchronous.
One conclusion of Pouvreau et al. (2006a), and Davenel
et al. (2006) was confirmed with added precision: 0.2 T MRI
makes it possible to quantify the maturation of the gonad and
the volume of the gametes and 4.7 T MRI makes it possible
to make an accurate analysis of the evolution of the volume of
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some organs (digestive gland and gonad, gills, digestive tract,
cardiac cavity, labial palps, etc.).
When measuring the evolution of the volume of mature
gonad and dry flesh, MRI reveals one important diﬀerence
between diploids and triploids: after spawning, a majority of
the diploids have a larger increase of flesh volume than the
triploids, which do not spawn. Among diploids, this increase is
proportional to the volume of gametes released and variations
in muscle biochemical composition. This last point needs to
be confirmed by measurements of the chemical composition
of the muscle after MRI on the same oysters.
This present study is therefore a first step reporting the
most significant MRI observations, although observations and
measures are possible on other organs. This study was based
upon a small number of oysters kept in a pond where phytoplankton density was high during most of the measuring
period. Growth is relatively high and the condition index
generally good. The rearing conditions are favourable and not
relevant from a selective point of view. The next step will be
to test the method in a selective environment, for instance with
limited food resources.
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