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Abstract
A multiproxy approach was used to analyse the internal growth pattern of Ostrea puelchana shells. Field investigations using 
fluorochrome stains were performed to estimate the deposition time of the lines of irregular growth. Cathodoluminescence 
(CL) microscopy of the hinge area and isotopic composition analyses of shells were performed. The oxygen isotopic composi-
tion of the shells showed seasonal fluctuations across the hinge. The results of CL microscopy and stable isotopes provided 
the first age estimations for wild specimens of O. puelchana. The maximal age of analysed oysters was 4.5 years. Shell depo-
sition occurred at temperatures above 11 °C approximately, suggesting growth slowdown and/or cessation in winter. Lines 
of irregular growth showed no consistent temporal pattern; these growth structures cannot be used as sclerochronological 
proxies of growth season or shell age. O. puelchana is sensitive to seasonal environmental changes, which cause changes 
in its carbonate structure, although the pattern is not consistent, as in other species. In this study, the age of O. puelchana 
specimens from San Matías Gulf, Patagonia, Argentina, was estimated, providing a basis for future studies on this species.

Introduction

Age is an important component to consider when trying 
to understand the life history and population dynamics 
of a species (Hastie et al. 2000; Campana 2001). Deter-
mining age in bivalves is usually based on the records of 
environmental events represented in their hard structures 

(Rhoads and Lutz 1980; Richardson 2001). When shell 
increments can be expressed as a function of time, they 
can be used to estimate the age and the growth rate of 
individuals (Schöne 2008). If these shell increments are 
weakly defined or difficult to discern with classical scle-
rochronology, as is the case for ostreids, alternative meth-
ods can be applied (Rhoads and Lutz 1980; Lartaud et al. 
2006). Chemical stains have been effective in overcoming 
classical sclerochronology limitations. In this staining 
method, shells are artificially date marked at a given point 
in the life of the individual, to which subsequent growth 
can be related (Richardson 1990). Suitable chemical stains 
must be non-lethal, be easy to detect in shells, not alter the 
viability of marked individuals, and be retained in the car-
bonate structure for an appropriate period of time (Riascos 
et al. 2007). Chemical staining has been previously used 
with oysters, and manganese marking experiments have 
been conducted with Crassostrea gigas (e.g. Langlet et al. 
2006; Cardoso et al. 2007; Lartaud et al. 2010b; Mouchi 
et al. 2013) and Ostrea edulis (e.g. Mouchi et al. 2013). 
Manganese incorporated into the shells was revealed in 
high-luminescence microgrowth bands under cathodolu-
minescence (CL) microscopy (Mouchi et al. 2013). Cal-
cein is also a useful fluorescent growth marker that has 
been successfully used in marine bivalves (e.g. Kaehler 
and McQuaid 1999; Herrmann et al. 2009). Calcein binds 
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to calcium and is incorporated into the growing carbon-
ate matrix (Moran 2000). The mark fluoresces lime-green 
when viewed under blue light (Herrmann et al. 2009). Cal-
cein produces a clear mark, even at low concentrations 
and short immersion times, and the mark is long-lasting 
in the field (Riascos et al. 2007). Calcein has been used 
with Pinctada margaritifera (Le Moullac et al. 2016) to 
measure shell deposition rates.

CL examination of bivalve shells is an alternative method 
that reveals the position of the internal growth lines and 
microstructural patterns, even when they are undetectable 
under transmitted light (Barbin 2013). CL refers to the emis-
sion of visible light from a material as a result of excita-
tion by an external source of energy (an electron beam). In 
calcite, manganese ions  (Mn2+) are the principal lumines-
cence activators emitting yellow, orange to orange-red light 
(~ 620 nm) (Bougeois et al. 2014), and emission intensity 
is positively correlated with manganese concentrations (de 
Rafélis et al. 2000; Langlet et al. 2006). The uptake of man-
ganese is linked with variations in the metabolic activity 
of the animal and physical–chemical conditions of the sur-
rounding environment (Barbin 2013). By exposing shells 
to cathode rays, it is possible to record fluctuations in the 
luminescence of trace elements (Lartaud et al. 2006; Car-
doso et al. 2007; Lartaud et al. 2010a). Reliable estimates 
of shell growth can be provided as long as CL banding is 
validated (Barbin 2013). Therefore, if banding is seasonal, 
age can be determined according to the number of bands of 
greater intensity. The method has been used in crassostreid 
oysters, such as Magallana gigas (e.g. Langlet et al. 2006; 
Cardoso et al. 2007; Lartaud et al. 2010a), and in fossilized 
shells of Crassostrea aginensis, Ostrea bellovacina and of 
C. virginica (e.g. Lartaud et al. 2006). The number of low- 
and high-intensity bands along a transect through the hinge 
section corresponds to the ontogenic age of the individual 
(Cardoso et al. 2007; Lartaud et al. 2010a).

Sclerochemical analyses of stable isotopes are a reliable 
method of estimating age and growth-related characteristics 
in bivalve shells (Durham et al. 2017). A direct relationship 
between the oxygen isotope composition of both the shell 
carbonate and the seawater can be established when shell 
calcium carbonate precipitation occurs in isotopic equilib-
rium with seawater (Epstein et al. 1953). Precipitation under 
isotopic equilibrium has been demonstrated for crassostreid 
oysters (e.g. Kirby et al. 1998; Surge et al. 2001; Ullmann 
et al. 2010). Geochemical signals of biogenic carbonate have 
been used in recent and fossilized oysters such as M. gigas 
(e.g. Fan et al. 2011; Goodwin et al. 2013; Langlet et al. 
2006; Lartaud et al. 2010a), O. edulis (Mouchi et al. 2013), 
O. edulis var. lamellosa and M. gryphoides (e.g. Sælen et al. 
2016). The oxygen isotope composition of the shell carbon-
ate can also be used as a paleothermometer (e.g. Kirby et al. 
1998). This method is based on the premise that isotopic 

fractionation between shell carbonate and surrounding water 
is a function of environmental temperature and water com-
position (Fan et al. 2011).

The Puelche oyster, Ostrea puelchana, is a shallow, 
subtidal marine species native to the South Atlantic coast 
(between 22°53′S and 42°22′S; Creed and Kinupp 2011; 
Doldan et al. 2014). This is a commercially valuable flat 
oyster that is well researched due to its importance in aqua-
culture at San Matías Gulf (SMG), Northern Patagonia, 
Argentina (Castaños et al. 2005). O. puelchana is a pro-
tandric alternating hermaphrodite (Morriconi and Calvo 
1979). Changeover from male to female occurs several 
times in its life. Large oysters (≥ 55 mm) are predominantly 
females (Morriconi and Calvo 1979). Gametogenesis occurs 
from mid-spring to late summer (mid-November to mid-
March) (Morriconi and Calvo op. cit.). Embryos are incu-
bated during a short breeding period (5–6 days; Zampatti 
and Pascual 1989), and settlement occurs during the warm 
season, from December to March (Pascual and Bocca 1988). 
O. puelchana is unique among extant oysters: large oysters 
(≥ 55 mm) can carry dwarf epibiotic oysters attached to a 
flat platform on the anterior edge of the left valve (Calvo and 
Morriconi 1978; Pascual et al. 1989; Shilts et al. 2007). Dur-
ing the spawning season, these epibiotic oysters develop a 
male gonad (Fernández Castro and Lucas 1987). The growth 
rate of the dwarf oysters is severely reduced by a chemically 
mediated inhibitory effect of the carrier oyster (Pascual et al. 
1989). This fact leads to two demographic structures: an 
apparent demographic structure, represented by subadult 
oysters (≤ 55 mm) and adult oysters, and a real demographic 
structure, which incorporates the small epibiotic males (Pas-
cual et al. 2001). Puelche oysters can be observed living in 
solitary or gregarious conditions. Gregarious oysters form 
clusters as a result of larvae successively settling and grow-
ing on the shell of a conspecific: the founder oyster (Mor-
riconi and Calvo 1979). Clusters are typically formed of two 
or three oysters, but can be formed by up to nine oysters. The 
incidence of gregariousness differs among oyster grounds in 
SMG (2–50%). This finding may be a result of differences 
in the turnover rate or of regulatory mechanisms, such as 
interspecific competition or predation by chitons (Pascual 
et al. 2001).

Age estimation has never been explored in O. puelchana. 
Unlike other bivalves, O. puelchana shells lack reliable 
external or internal morphological indicators of annual 
accretionary growth. Even when internal growth lines are 
discernible, a clear deposition pattern has not been demon-
strated. Previous studies based on farmed oysters described 
seasonal variations in the growth rate of O. puelchana 
(Pascual et al. 2001), which were correlated with water 
temperature (Fernández Castro and Bodoy 1987). Growth 
experiments using cultured O. puelchana revealed growth 
cessation during the cold months (Pascual and Bocca 1988). 
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The occurrence of 4-year-old Leiosolenus patagonica 
(bivalves that bore into oyster shells) (Bagur et al. 2013) on 
O. puelchana and the growth rate of farmed O. puelchana 
suggest it is a long-lived species (Pascual et al. 2001).

The present paper reports results of ontogenic age deter-
mination for individual O. puelchana, which provides new 
quantitative insight into the population dynamics of this spe-
cies. The aims of this work were (a) to validate the periodic-
ity of lines of irregular growth in O. puelchana shells, (b) to 
investigate whether the species shows seasonal environmen-
tal changes within the shell, and (c) to date each portion of 
the shell to estimate the age of the specimens.

Materials and methods

The study was carried out at SMG, Northern Patagonia, 
Argentina (40°50′–42°15′S, 63°5′–65°10′W Fig. 1). The gulf 
is a semi-enclosed basin that partially communicates with 
the open sea through a shallow sill (60 m depth) that limits 
water exchange (Rivas and Beier 1990). Water circulation 
in the gulf is dominated by two eddies, one with a cyclonic 
gyre in the north and the other with an anticyclonic gyre in 
the south. In spring, an intense thermohaline front divides 
the water into two masses with different oceanographic 
conditions: relatively cold and less salty waters similar to 
open shelf waters occur south of the front, whereas warm 
and salty waters occur north of the front (Piola and Scasso 
1988; Gagliardini and Rivas 2004) (Fig. 1). The difference in 
temperature between both regions reaches 3 °C in summer. 
Waters from the NW and NE coasts do not mix as they are 
separated by long sandy ridges at the mouth of San Antonio 
Bay (Lanfredi and Pousa 1988). Seasonal streams drain at 
41.5°S. The average tidal amplitude is 7.62 m (maximum 
9.2 m). Seawater temperatures range, on average, from 10 °C 
in winter (August) to 18.2 °C in summer (January) at a depth 

of 20 m. The bottom sediment is mainly sand near the coast-
line and is gradually mixed with shell fragments, gravel and 
mud (Morsan et al. 2010). Mean annual land surface precipi-
tation is 275 ± 108 mm (1980–2000, SMN).

Environmental records were retrieved from several 
sources. Sea surface temperatures (SST) for the period 
1985–2007 were obtained from NOAA-NASA (www.nodc.
noaa.gov). Data for monthly SST were produced by averag-
ing the temperature at a window of 3 × 3 pixels centred at the 
locations of El Sótano (hereafter ES) and of Puerto Lobos 
(hereafter PL). Average daily water temperature recorded 
between 2007 and 2008 (water year: 7 September through 
28 August) was registered in situ at the sea bottom at ES at 
2.5 km from the coast (40°57.268S, 65°6.460W) at 6 h inter-
vals with a temperature data logger [OpticStowAway-TidbiT 
(°C) OnSet ± 0.20 °C] (Fig. 2a). For the rearing experiment, 
seawater temperature was registered in situ throughout the 
year (10 December 2009 through 8 December 2010) with a 
second temperature data logger (OpticStowAway TidbiT) 
fixed to a submerged lantern net (3 m below the water sur-
face) at 6 h intervals (Fig. 2b). Salinity was measured in 
water samples from Las Grutas (hereafter LG) and Caleta 
de los Loros (hereafter CLL) and at a location inside San 
Antonio Bay (hereafter SAB) in the summer of 2009–2010 
and fall of 2010 (Table 1). Salinity was measured weekly 
from water samples from ES during 2017. Salinity values 
for PL were extracted from previous measurements at sta-
tions close to oyster grounds (Guerrero and Svendsen 2007). 

Shell description

Shells of O. puelchana are solid. The right shell is flat and 
lamellated. The left shell is larger, lamellated and convex 
(Castellanos 1957). The maximum size registered was 
140 mm (measured from the umbo to the opposite mar-
gin) (Pascual et al. 2001). Oyster shells are fully formed 

Fig. 1  a Ostrea puechana populations at San Matías Gulf, Argentina: El Sótano (ES), Caleta de Los Loros (CLL) and Puerto Lobos (PL) (Scale 
bar: 50 km). b San Antonio Bay (SAB) with location of the rack (black dot) and Las Grutas (LG) oyster population. (scale bar: 5 km)
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by calcite (Bagur et al. 2013), and two microstructures are 
present: foliated calcite layers and, discontinuously, chalky 
calcite layers (Esteban-Delgado et al. 2008). Internal growth 
lines are discernible in cross sections of the shell (Fig. 3). 

These lines were defined as lines of irregular growth (here-
after lig), adapting the definition of Richardson (2001) for 
irregular growth breaks. The author defined irregular growth 
breaks as interruptions in the shell deposition for a period of 
time as a result of environmental and/or physiological stress.

Calcein staining experiment

Oysters were collected by SCUBA divers at the LG oys-
ter ground, SMG, Argentina (Fig. 1), in November 2009. 
A total of 210 oysters were selected, covering the range of 
shell lengths (20–120 mm). Oysters were conditioned in 
650-l aquaria equipped with mesh buckets (each with 25–30 
specimens). Aquaria contained filtered and aerated circu-
lating seawater under controlled conditions (15 h light:9 h 
dark photoperiod, salinity 34, pH 7.2, water temperature 
12–14 °C). Specimens were fed daily with a microalgae 
mixture (4:5:1) of Isochrysis galbana, Chaetoceros gracilis 
and Tetraselmis suecica (20 l).

A solution of 50 mg calcein (Sigma, CAS 1461-15-0) per 
litre was used for the staining experiment with a 6-h immer-
sion period (following Herrmann et al. 2009). NAOH was 
added to return the pH of the solution to the original value. 
A total of 210 oysters were placed in three 100-l aquaria, 
and the calcein solution was slowly added. Each aquarium 
was placed in the dark during the staining phase to prevent 
light-induced degradation of the fluorochrome. After immer-
sion in the staining solution, oysters were returned to their 
stocking tanks in the hatchery for 24 h. A non-treated con-
trol group (n = 30) was maintained in control tanks without 
staining solution.

Stained and control oysters were placed in three lantern 
nets (each net contained 25 specimens per floor) and reared 
in situ on a rack inside SAB (40°46.54S, 64°53.04W, Fig. 1) 
from December 2009 to December 2010. Lantern nets stood 
3 m below the water surface. Seawater temperature was 
registered at 6 h intervals during the whole year. The rack 
was visited every 8 weeks to remove a subsample of oysters 
(noyster varied between 22 and 69) from the lantern nets and 
transferred to the laboratory (Table 2). In each visit, oyster 
survival was checked and fouling organisms were removed 
from the lantern nets and the shells (Table 2). Dead oys-
ters and empty shells were removed from the lantern nets. 
At the laboratory, all oysters were measured, weighed, and 
carefully opened. Shells were cleaned and dried at room 
temperature for 48 h. In December 2010, all remaining oys-
ters (n = 62) were removed from the rack and transported 
to the laboratory. Shells were sectioned across the longest 
growth axis (Fig. 3) using a Struers low-speed diamond saw 
(MOD13) to obtain thin shell sections (0.5–0.8 mm) of both 
the right and left shells. The internal section of the valve 
obtained from the first cut was ground and polished on a 
variable-speed platform using fine-grain sandpaper (up to 

Fig. 2  a Annual surface sea temperature (SST) for the period 1985–
2007 for El Sótano (ES) and Puerto Lobos (PL). b In  situ bottom 
seawater temperature from El Sótano, from September 2007 to Sep-
tember 2008. c Seawater temperature measured by a thermobottom 
attached to a submerged floating rack at San Antonio Bay, Patagonia 
Argentina, for the period December 2009–December 2010
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Table 1  Geographic and environmental data from the growing site (Bahía de San Antonio, BSA) and from the four locations under study

Locations: Las Grutas (LG), Caleta de Los Loros (CLL), El Sótano (ES) and Puerto Lobos (PL)
a Measured in situ at the sample site
b Naval Hydrography Service of Argentina (www.hidro .gob.ar)
c Mean (SD) annual seabed temperature
d Measured with temperature logger from June 2011 to July 2014
e SST from satellite image of the last 10 years (NOAA www.ocean color .gsf.nasa.gov) (Bagur et al. 2013)
f Measured with temperature logger from September 2007 to August 2008
g Measured with a temperature logger attached at a lantern from December 2009 to December 2010
h PL data from Márquez and Van Der Molen (2011)
i Measured with refractometer; PL data from Guerrero and Svendsen (2007)

Location BSA LG CLL ES PL

Latitude 40°46.7′S 40°49.33′S 41°3.42′S 40°56′S 42°S
Longitude 64°54.4′W 65°5.3′W 64°3.39′W 65°6′W 65°1′W
Depth with low tide (m)a 2-4 5 10 10 15
Tidal mean amplitude (m)b 6.71 6.71 6.04 7.3 NA
Temperature (°C)c

Annual mean 14.6° (4.9°)g 14.6° (3.5°)d 15.8° (0.9°)e 13.9° (2.9°)f 13.9° (2.6°)d

Maximum 23.7° 21° NA 20.2° 18.2°
Minimum 5.4° 8° NA 9° 10.8°
Type of  substrateh Sand and gravel Coarse sand and gravel Sand, gravel and 

shell fragments
Sand, gravel and 

shell fragments
Sandh

Salinity range (ppm)i 34–38 34–36 34–35 34–36 35

Fig. 3  Ostrea puelchana shell sections. a The right shell was cut off 
along the longest growth axis. Scale bar: 10.0 mm. b Thin shell sec-
tion of the hinge exhibiting internal lines of irregular growth (lig, 

white arrows) Scale bar: 2.0 mm. c Polished cross section of O. puel-
chana from hinge to ventral margin of the shell. Scale bar: 10.0 mm. 
dog direction of growth; li ligament; m margin; u umbo
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P4000 grit). The polished surface was mounted on a glass 
slide using cyanoacrylate adhesive. Thin sections were 
obtained from second cuts and were ground and polished 
again until a uniform thickness was achieved.

Calcein marks were detected by examining each shell 
section under a fluorescence optical microscope (Axio-
lab HBO 50) under blue light (460–490 nm). If a calcein 
mark was observed under blue light but was not observed 
under red light, the thin section was photographed using 
digital image processing software AxioVision release 4.6.3 
(2008). Growth patterns were analysed only in shells with 
calcein marks at the hinge region, and the number of lig 
deposited between the fluorescent band and the newer edge 
was counted. Periodic samplings from the lantern nets were 
used to estimate the deposition time of lig. The number of 
lig deposited during the year vs the size of the oysters was 
analysed with the Spearman correlation coefficient. Annual 
growth rates were estimated from the calcein mark to the 
hinge margin.

Cathodoluminescence

Four shells were selected from specimens collected live from 
the SMG oyster grounds in autumn 2010. The shells were 
named after the oyster ground they were collected from and 
with the specimen number: LG-70 (height = 86.95 mm); 
CLL-183 (height = 73.45 mm); ES-98 (height = 98.72 mm); 
and PL-133 (height = 89.4 mm). Shells were sectioned with 
a diamond saw (see methodology above) and viewed under 
CL (see Langlet et al. 2006; Lartaud et al. 2010a for meth-
odologies) on a cold cathode (Cathodyne-OPEA, 15–17 kV, 
250-300 μA/mm2 under a pressure of 60 mTorr) coupled to 
an optical microscope and a digital camera.

Observations were made on the hinge. Microphotograph 
assemblages of the hinge regions following the growth axis 
provided a complete view of the entire hinge area of each 
shell. A profile of the spatial variations in luminescence 
(expressed in arbitrary greyscale units) along the direction 
of growth axis was obtained using ImageJ software (Ras-
band 1997–2016).

Stable isotopes

After inspection under a CL microscope, samples of carbon-
ate for δ18O analysis were drilled from three shells (CLL-
183, ES-98 and PL-133). Samples were drilled at the hinge 
region in a transect parallel to the growth axis (Fig. 3), 
starting from the oldest portion of the shell. The sampling 
depth was 0.1 mm, and we used a 0.3-mm-diameter drill 
(sampling was taken at 0.08-mm intervals). The number of 
drilled samples varied between 22 and 32 per shell. The col-
lected powder was acidified in 100%  H3PO4 at 75 °C under 
vacuum and was analysed with a mass spectrometer for the 
determination of stable oxygen isotope ratios. Isotopic data 
are reported in conventional delta (δ) notation relative to the 
Vienna Pee Dee Belemnite (VPDB). The standard deviation 
for δ18O was ± 0.10%.

All δ18Oshell and δ13Cshell values were plotted against the 
direction of growth, and the position of the lig was incor-
porated in the plot. Age was estimated based on the number 
of δ18Oshell cycles. The relationship between δ18Oshell and 
δ13Cshell values was analysed.

Seawater temperature was estimated using the tempera-
ture equation from Anderson and Arthur (Lartaud et al. 
2010a) for calcite where ESW (°C) = 16–4.14 (δ18Oshell − 
δ18Oseawater) + 0.13 (δ18Oshell − δ18Oseawater)2. Since high-
resolution δ18Owater records do not exist for SMG waters, 
δ18Oseawater values were obtained from the NASA Goddard 
Institute for Space Studies (data.giss.nasa.gov/o18data/).

Results

Calcein staining experiment

The results of the staining experiment are summarized in 
Table 2. A total of five subsamples were collected through 
the year (namely, BI, BII, BIII, BIV and BV; Table 2). 
Each subsample corresponded to a season: BI summer; BII 
autumn; BIII winter; BIV spring; BV early summer. Only 
dead oysters and empty shells were removed in November 

Table 2  Calcein marks at 
Ostrea puelchana hinge

Dates of periodic sampling from the rack located at San Antonio Bay from December 2009 to December 
2010
a Only dead oysters were removed from the lanterns in November 2010 (BIV)

Subsample ID Date of collection 
of oysters

Rearing time 
(months)

Collected 
oysters (n)

Cumulative 
mortality

Oysters with 
calcein mark at 
hinge

BI 24/02/10 2.5 22 9 1
BII 28/04/10 4.5 69 22 5
BIII 23/08/10 8.5 33 29 6
BIV 05/11/10 11 13a 42 3a

BV 07/12/10 12 62 49 7
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2010 (BIV, Table 2). A total of 49 oysters died during the 
experiment (Table 2). In December 2010, all remaining oys-
ters (n = 62) were removed from the rack and transported to 
the laboratory.

A total of approximately 150 oysters were sectioned 
and observed under fluorescence optical microscope. Oys-
ters immersed in calcein solution showed visible green 
fluorescent thin marks. Both right and left valves showed 
calcein marks; however, they were not complete across 
the whole shell (Fig. 4). Calcein marks across the shell 
varied 30–60% between subsamples. Calcein staining at 
hinge region was even lower (5–20%). The number of lig 
secreted after the calcein mark at the hinge region varied 
seasonally: in the subsample of autumn (late April; rear-
ing time: 4.5 month), most shells exhibited 2 lig after the 
calcein mark (subsample BII in Table 2; Fig. 5). The num-
ber of lig did not increase in the following subsamples, 
neither in the winter subsample (August) nor in the spring 
subsample (November) (rearing time 8.5 and 11 month, 
respectively) (subsamples BIII and BIV in Table 2; Fig. 5). 
The subsample BV was composed of the oysters that 

completed 1 year growing at the rack. Half of the oysters 
with a calcein mark at the hinge had 2 lig after it; the 
rest had four lig. According to the periodic sampling, lig 
were deposited during the warm season, from December 
to April. No relationship was found between the number 
of lig deposited after the 1-year experience and the oyster 
size (Spearman Index = 0.09; n = 7; p = 0.748). The esti-
mated hinge growth rate of oysters larger than 50 mm was 
2.78 mm/year (SD 0.61 mm).

Some oysters had dwarf males attached to the platform 
of the left valve. Calcein marks were recorded along the 
shells of the dwarf oysters (Fig. 4). The interpretation of 
the results was limited to the adult oysters.

Seawater temperature varied almost sinusoidally 
between winter and summer months, ranging from 5.4 to 
23.7 °C, respectively (Fig. 2c). Seawater temperature was 
above 15 °C during spring and summer, while in June and 
July 2010 it was below 10 °C. The daily temperature cycle 
showed sinusoidal variations as a result of the daily tidal 
currents filling SAB.

Fig. 4  Microphotograph assemblage (under blue light) of shells of 
Ostrea puelchana stained with calcein on 5 December 2009. The oys-
ters grew during 1 year at a growing site located at San Antonio Bay. 
They were live collected on 10 December 2010. The incorporation of 
calcein was not continuous all along the shell. The white arrows indi-

cate the calcein mark. a Four internal lines of irregular growth (lig, 
skyblue arrows) were deposited after the calcein mark (white arrow) 
in an adult oyster. Scale bar: 2 mm. b Lines of irregular growth (lig, 
skyblue arrows) deposited after the calcein mark in a young oyster. 
Scale bar: 3 mm. dog direction of growth; li ligamental area
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Cathodoluminescence

All four shells exhibited natural background luminescence. 
CL at hinge sections revealed cycling bands of alternat-
ing bright orange and dull red-violet bands (Fig. 6). In the 
profile of luminescence intensity, the bright orange bands 
corresponded to areas of high luminescence, and the dull 
violet bands corresponded to low-intensity luminescence. 
Low-luminescence dull violet areas were up to three times 
wider bands than high-luminescence bright orange areas 
(Fig. 6). The CL pattern was clearly visible in PL-133, in 
which a succession of four complete cycles was observed. 
Also a bright orange high-luminescence band of a new cycle 
was observed (Fig. 6). In the other shells, the pattern was 
not clearly observed.

In the four shells, the lig were recognized under CL 
as bright orange luminescent lines (Fig. 6). In the case of 
PL-133, these lig appeared at the beginning of each bright 
orange high-luminescence band. Most individuals showed 
weak or no luminescence in the oldest region of their hinge.

As revealed by the CL photo-assemblages, the intensity 
of each dull violet band was not homogeneous: some thin 
orange growth lines were found in this region (Fig. 6). Also, 
the bright orange bands showed some thin violet growth 
lines (Fig. 6, boxed sections). These types of periodicities 
have been previously identified in sclerochronological stud-
ies of mollusc bivalve shells and were related to tidal cycles 
(Lartaud et al. 2010a; Mouchi et al. 2013).

Stable isotope results

Oxygen isotope ratios displayed annual variations. Figure 7 
shows the δ18O values for each oyster plotted against the 
sample spot number, which represents the distance from 
the oldest part of the shell. Shell CLL-183 had δ18O val-
ues between − 0.43 and 1.21‰, shell ES-98 had a slightly 
broader value range (between − 0.94 and 0.96‰) and shell 
PL-133 had lower values, between − 1.89 and 0.82‰. There 
were gaps in the oxygen isotope composition data due to 
instrument malfunction.

Sinusoidal seasonal cycles were recognized in the δ18O 
profiles of all shells, reflecting annual cycles. Salinity val-
ues were assumed to stay constant during the year at each 
oyster ground. Cold periods were identified as peaks in the 
δ18O profiles followed by periods of low values (summers, 
Fig. 6). Given the known collection date of the oysters, it 
was possible to provide a sclerochronological profile for 
hinge growth. Specimens CLL-183 and ES-98 presented two 
cycles and the beginning of a new one (Fig. 7). Based on the 
number of δ18O cycles, the ontogenic age of oysters CLL-
183 and ES-98 was 2.5 years. Specimen PL-133 presented 
four cycles and the beginning of a new one (Fig. 7). It was 
estimated to be 4.5 years old (Fig. 6). Accordingly, PL-133 
recruited in summer 2006, while ES-98 and CLL-183 oyster 
recruited in late spring 2007.

Conversion of the δ18Oshell values into estimated seawa-
ter temperature using the Anderson and Arthur equation 

Fig. 5  Calcein staining experi-
ence. Oysters were stained and 
reared in lantern nets at San 
Antonio Bay, from December 
2009 to December 2010. Num-
ber of lines of irregular growth 
deposited at hinge after the cal-
cein mark for each subsample. 
Rearing time for each sample is 
at the right of each histogram
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(Lartaud et al. 2010a) generated a range of maximum and 
minimum seawater temperatures. According to estimated 
values, the temperature amplitude varied among sites. The 
temperature amplitude at PL was the highest (δT = 11.5 °C; 
Tmin= 12.1 °C; Tmax= 23.6 °C), while the lowest ampli-
tude was found at CLL (δT = 6.6  °C; Tmin= 10.6  °C; 
Tmax= 17.2 °C) (Fig. 7). These results revealed that mini-
mum temperature for calcite deposition was 10.6 or 12 °C 
(Fig. 7). A comparison between estimated temperatures 
and in situ bottom water temperature records was possible 
for the ES and the PL oyster for the period 2007–2008 
(Fig. 7).

The shell δ13C values did not show clear seasonal varia-
tions. The values varied between 0.94 and 2.23‰ (Fig. 7). 
No correspondence was found between the δ18O and δ13C 
profiles.

Discussion

The puelche oyster, O. puelchana, is the unique native oyster 
of commercial importance in Argentina. During the last dec-
ades, oyster grounds of SMG have shown fluctuations: some 
grounds consolidated and expanded, while other grounds 
showed severe contraction with reduction of the abundance 
(Doldan et al. 2014). The estimation of the age composition 

Fig. 6  Cathodoluminescence microphotograph assemblage (upper 
panel) of the longitudinal section of the hinge region of shell PL-133 
Ostrea puelchana from Puerto Lobos. It showed successive areas 
with contrasting natural luminescence (boxed sections = micro cyclic-
ities). Profile of luminescence intensity (middle panel), measured on 
the microphotograph assemblage. Profile of δ18Oshell (lower panel). 
Four complete cycles are shown each corresponding to a summer (S) 
and winter (W) periods. dog: direction of growth

Fig. 7  Estimated seawater temperatures and δ18O and δ13C profiles 
from shell samples. Temperature was estimated from Anderson and 
Arthur equation (Lartaud et  al. 2010a) for calcite (black line). δ18O 
profile (grey line with grey dots) and δ13C profile (grey line with 
white dots). Upper panel: PL-133 shell from Puerto Lobos (PL). Mid-
dle panel: CLL-183 shell from Caleta de Los Loros (CLL); ES-98 
shell from El Sótano (ES; lower panel). In upper and lower panel: 
dotted line represents monthly mean in  situ seawater temperature 
measured at seabed at Punta Pozos (41.6°S 64.9°W) between Sep-
tember 2007 and August 2008. Growth direction is towards the right, 
with spot #1 representing the oldest part of the shell
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of each ground will help to understand the population 
dynamics of this species and to evaluate its conservation 
status at SMG, and the possibilities for supporting fishing 
pressure or aquaculture attempts. In this work, the age of 
wild O. puelchana specimens from SMG grounds, Patago-
nia, Argentina, was estimated for the first time.

The shells of O. puelchana preserve seasonal environ-
mental records as variations in  Mn2+ and in δ18Oshell. The 
microstructural pattern of  Mn2+ content revealed by CL 
at the hinge consisted of a consecutive banding of a high-
luminescence area followed by a low-luminescence area. 
The δ18Oshell isotope profiles showed regular cycles, which 
were consistent with the annual seawater temperature cycle 
for SMG. A high-intensity peak in the CL pattern corre-
sponded with a regional maximum of the δ18Oshell profile, 
while low-intensity peaks corresponded with low δ18Oshell 
values. As CL banding resulted in an annual pattern, the 
ontogenic age was determined according to the number of 
high- and low- intensity bands of each shell. CL analyses 
revealed intrinsic luminescence in O. puelchana shells. The 
luminescence pattern consisted of consecutive banding at 
the hinge region of a high-luminescence area—represented 
by orange narrow bands—followed by a low-luminescence 
area—represented by thick dull areas—. This seasonal fluc-
tuation might be as a consequence of seasonal variations on 
the availability of the ion in the seawater. The manganese 
biochemical cycle in the Patagonian Sea shows maximum 
values in winter (August) and minimum values in summer 
(December) (Gil et al. 1989). An important result of this 
study is the fact that the high-luminescence areas, which 
are related to a high concentration of manganese in the sea-
waters (Langlet et al. 2006), corresponded to cold periods. 
In contrast, in bivalve species in the Northern Hemisphere, 
bright orange bands were associated with warm periods 
(Langlet et al. 2006). Further biogeochemical studies are 
needed to explore these patterns. The high-luminescence 
bands, secreted during the cold months, were thinner than 
the low-luminescence bands. The estimated temperatures 
from δ18Oshell values revealed that shell deposition occurred 
almost all the year, except when seawater temperatures were 
below 11 °C approximately (10.6 °C at CL and 12 °C at 
PL; July to August, winter in the Southern Hemisphere). 
This pattern is consistent with the seasonal growth pattern 
previously described by Pascual and Bocca (1988). They 
described incremental growth in shells occurring during the 
warm months and growth slowdown and/or cessation during 
the cold months. This growth pattern has also been described 
for other ostreids. Shell deposition in O. edulis slows down 
during the winter months, and narrow growth lines are then 
formed in the umbo region; wider growth lines form during 
growth in summer months (Richardson et al. 1993). Cras-
sostrea virginica shows slower calcification when the sea-
water temperature drops below 10 °C (Kirby et al. 1998). 

On the other hand, Magallana gigas can grow during cold 
months at slow rates (Mouchi et al. 2013). According to 
the estimated temperatures, O. puelchana shell deposition 
occurs when seawater temperatures are above 10°–12 °C; 
however, the estimated temperatures presented here should 
be considered with caution because they might have been 
slightly overestimated.

The seasonal pattern of CL intensity was clearly defined 
in the shell from the southernmost oyster ground (PL, 42°S, 
Fig. 1a). This region is influenced by the influx of cold 
waters from the South Atlantic Continental Shelf that bal-
ances the average temperature despite the annual gain in net 
heat (Gagliardini and Rivas 2004). Therefore, oceanographic 
conditions are more stable throughout the year, with a lower 
temperature and salinity, lack of stratification and a higher 
nitrate concentration. This leads to a noticeable growth pat-
tern in hinges. In contrast, waters at the north of the ther-
mohaline front present more variability, leading to weaker 
patterns of CL intensity. The understanding of this spatial 
variability is of critical importance due to its consequence in 
growth pattern differences among oyster grounds.

At a smaller observation scale, each high- and low-lumi-
nescence band was composed of a series of closely spaced 
fine growth bands, suggesting cyclicities within each grow-
ing season. Cycles with fortnightly and/or monthly perio-
dicities have been described for bivalve shells. Growth 
patterns with a 7-day periodicity were found in the Cras-
sostrea (= Magallana at present) genus, reflecting tidal pat-
terns (Langlet et al. 2006). Mouchi et al. (2013) identified 
lunar and semi-lunar periodicities in the growth patterns 
in juvenile M. gigas and a lunar periodicity for adult O. 
edulis. In addition, SMG tidal and wind regimes can make 
the seawater temperature to drop in a couple of hours. In 
Fig. 2c, monthly temperature cycles are visible, some of 
them with a temperature range up to 4°. Future studies will 
focus on fluctuations in luminescence in O. puelchana at a 
high-resolution temporal scale to determine the periodicity 
of these cycles.

The maximum age for the oysters analysed in this study 
was estimated to be 4.5 years. Due to the environmental vari-
ability of the SMG grounds, stable isotopes resulted to be the 
conservative ageing tool. However, as some isotopic values 
were missing in the stable isotope profiles, life span could 
potentially be longer. Oysters are long-lived bivalves: maxi-
mum age estimates for O. edulis was 26–27 years (Stenzel 
1971), whereas C. virginica can live for 10–20 years (Powell 
et al. 2013). CL analysis revealed that shell hinge records the 
whole shell history of O. puelchana. CL is a suitable technique 
to estimate the age of large subsamples of oysters from natu-
ral ground. It has previously been used to estimate the age of 
M. gigas subsample ˃ 200 oysters (Cardoso et al. 2007). On 
the other hand, calcein staining resulted in an expensive and 
very high time-consuming experience, involving great logistic 
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efforts. Unfortunately, calcein experience gave rise lower-
than-expected results: 5–20% oysters showed calcein marks 
at hinge. This could be attributed to a short immersion time in 
the fluorochrome solution. Nevertheless, calcein staining gave 
information about the deposition time of the lig. The results 
of the 1-year growing experience indicated that the number of 
annual lig varied between 2 and 4, and that they were depos-
ited between December and April (summer and early autumn 
in the Southern Hemisphere). In agreement with that, some lig 
were recognized at the beginning of a high-luminescence band 
at the CL image, supporting the seasonal pattern. Nevertheless, 
the lack of a consistent pattern resulted in these lines not being 
useful as sclerochronological markers. Numerous environmen-
tal factors influence growth at the growing site, and lantern 
nets were placed in a dynamic and highly productive location 
such that growth may have been favoured. Further studies are 
likely to provide new insights into the deposition time of lig.

Future estimates of age for the entire O. puelchana popu-
lation in SMG will allow a clearer interpretation of the popu-
lation dynamics of this species in Patagonian gulfs. Compar-
ison of demographic structures among oyster grounds and 
evaluations of the variability of various biological processes 
(growth rate, sexual transition, mortality, recruitment) would 
also be possible. This variability is of critical importance 
from the point of view of conservation and management of 
the species due to the major changes that have occurred over 
the last 15 years. For example, oyster grounds disappeared 
in the NW of SMG by the end of the 1990s, and populations 
have settled south of the historical range of oysters (Doldan 
et al. 2014).

The present paper serves as a basis for future studies on 
O. puelchana and offers novel possibilities for estimating 
age to help understand the population dynamics of this spe-
cies. The methodologies applied in this study will allow us 
to estimate the age for the entire O. puelchana population 
and to describe the real demographic structure of O. puel-
chana. Additionally, it will be possible to investigate dif-
ferences in the growth rates between isolated and clustered 
oysters and to describe the longevity of dwarf males and 
the life span of paired carrier oyster and epibiotic males 
and to assess the variability in biological processes between 
populations (e.g. growth, sexual reversal). This variability 
is especially important for conservation and management 
efforts, particularly after the fluctuations in abundance that 
have been observed in the oyster grounds of SMG during the 
last decades (Doldan et al. 2014).

Conclusions

Ostrea puelchana records environmental changes within its 
carbonate structure, and shell deposition occurs during the 
entire year when seawater temperatures are above 10°–12 °C 

(winter). CL analysis revealed intrinsic luminescence in O. 
puelchana shells. The δ18Oshell isotope profiles showed regu-
lar cycles, which were consistent with the annual cycle of the 
seawater temperature of SMG. The combination of methods 
permitted estimations of the age of wild specimens of O. 
puelchana for the first time.

The internal lig cannot be used as sclerochronological 
markers because they do not show a season-specific deposi-
tion patterns.

Age is an important component to understanding the life 
history and population dynamics of O. puelchana, and the 
present paper represents a basis for future studies in this 
species.
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