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ABSTRACT: Environmental variations can be recorded in bivalve shells, and this proxy information
can be crucial for paleoceanographic studies in regions where other proxies (e.g. corals) are absent.
We present the first sclerochronological study of Protothaca thaca (Mollusca, Veneridae), a common
upper subtidal bivalve, characterized by a high temperature tolerance, from the SE Pacific Ocean (12
to 45° S). P. thaca is present in archaeological deposits and Holocene marine terraces, making it a
potentially useful paleo-environmental recorder, particularly in respect to El Niño Southern Oscillation (ENSO) reconstructions. The sclerochronological analysis of recent P. thaca shells from Peru and
Chile was done by microscopy of thin sections and acetate peel replicates; it shows that a clear ‘summer check’ (SC) is formed in the shell when sea surface temperature (SST) exceeds 18°C for several
weeks. Under La Niña conditions in summer, SCs can be absent due to lower SST and enhanced productivity. During the strong 1997–1998 El Niño, long-lasting high summer SST produced an SC
> 520 µm wide. The relative width of SC on fossil shells may thus be an indicator of paleo-ENSO
events. Our sclerochronological analysis has established a temporal framework in P. thaca shells,
providing precise time-series analytical profiles, which is a prerequisite for future calibration of
geochemical proxies.
KEY WORDS: Bivalve · Protothaca thaca · Peru · Chile · Sclerochronology · El Niño Southern
Oscillation
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Bivalve shell growth is a step by step process. Growth
layers are successively added at the edge and inner
surface of the growing shell. The thickness of the increments and the frequency at which they are added are
governed not only by animal physiology (e.g. reproduction, ontogeny), but also by environmental variations
(e.g. tidal cycle, water temperature, storm events, food
availability). The study of shell microstructure periodicities, sclerochronology, can thus give information on
both life history and environmental variations that occurred throughout the lifetime of the animal (reviews
by Lutz & Rhoads 1980, Richardson 2001). Yearly to
daily periodicities can be observed in the succession of
shell increments. Growth rings (also named ‘checks’ or
‘breaks’) are formed in the shell when growth is redu-

ced or stopped during temperature extremes, e.g. in
summer and/or winter (e.g. Jones & Quitmyer 1996).
The growth rings can be counted to deduce the lifespan
of fossil and living specimens (Jones 1983 and references therein). Many bivalve species deposit microgrowth increments, usually named ‘daily growth increments’; their width and number per year generally
decreases with ontogeny (Hall et al. 1974, Jones 1981,
Tanabe 1988). Formation of daily increments and some
of their variability in width are related to tidal rhythms
(e.g. Richardson 2001, Schöne et al. 2002a, 2003) and
temperature (Kennish & Olsson 1975, Jones 1981,
Goodwin et al. 2001, Schöne et al. 2005). Schöne et al.
(2002b) used age-detrending methods and Fourier filters to remove the ontogenic trend and tidal cycles from
daily growth data in Chione cortezi and extract a sea
surface temperature (SST) signal.
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The SE Pacific region is of particular importance for
understanding the El Niño phenomenon. El Niño
events along the Peruvian and north Chilean coasts result in a considerable increase in SST; e.g. during the
very strong 1982–1983 El Niño, SST rose by 10°C
during several weeks (Arntz 1986). At present, marine
sediment records off Peru and Chile do not provide sufficient resolution to document such short term climatic
events. Corals could provide high-resolution proxy
records of El Niño occurrences, but in the cool waters of
the Humboldt Current there are no coral species that
can be used for paleo-environmental reconstructions.
Mollusc shells could supply a proxy record of El Niño
events. The presence of easily readable shell growth
anomalies may provide evidence of ENSO related
events for specific Holocene periods. Bivalve shells
(Chione subrugosa and Trachycardium procerum) from
Peru have recorded the 1982–1983 El Niño both in the
shell microstructure (growth anomaly) and in the shell
isotopic signature (Rollins et al. 1987, Perrier et al.
1994). Similar features have been observed in fossil T.
procerum shells and this is interpreted as reflecting
El Niño occurrences during the Mid-Holocene period
(Perrier et al. 1994). Carré et al. (2005) determined δ18O
in archaeological Mesodesma donacium shells to study
early Holocene El Niño events. However, the use of M.
donacium shells as archive of El Niño event occurrences is problematic, since this species is particularly
sensitive to temperature increases. M. donacium populations suffered high mortality during the 1982–1983
and 1997–1998 El Niño events (Arntz & Tarazona 1990,
Barriga & Quiroy 2002).
Protothaca thaca may be a more appropriate environmental and paleo-environmental recorder, because
its high temperature tolerance (Urban 1994) makes it
one of the most resistant species to the effects of El
Niño events in the SE Pacific region. A study of P. thaca
shell geochemistry (El Jouhari et al. 2001) indicates
that the 1997–1998 El Niño was registered in the stable
oxygen isotope composition of the carbonate. Moreover, P. thaca is found in Holocene archaeological
deposits of Peru (Reitz 1988, Moore 1991, Perrier et al.
1994) and in Pleistocene marine terrace units in southern Peru and Chile (Ortlieb et al. 1992, 1996). P. thaca
may thus potentially provide useful palaeoceanographic and paleoclimatic data along the coast of the
East Pacific Ocean, south of central Peru. However,
unlike other Veneridae species, e.g. Mercenaria mercenaria (Jones & Quitmyer 1996), Artica islandica (Witbaard 1997, Buick & Ivany 2004), Chione sp. (Schöne et
al. 2002a), and Protothaca staminea (Takesue & van
Geen 2004), P. thaca shells do not have conspicuous
growth patterns. Therefore, a study of P. thaca was
undertaken to determine if temporal and environmental information can be extracted from growth patterns

in its shell. This study aimed to provide the sclerochronological framework for future geochemical
analysis oriented towards a validation of P. thaca for
paleo-El Niño reconstructions.
This is the first sclerochronological analysis of the
Peruvian-Chilean Protothaca thaca shell. It is based on
(1) microscopic observations on thin sections and
acetate peel replicates and (2) correlation between
growth increment widths and water temperature
recorded during growth. Our study shows that a
‘summer check’ (SC) is formed in the shell when SST is
>18°C for > 3 wk. Under La Niña summer conditions,
SCs can be absent. Finally, the widest SCs are related
to the strong 1997–1998 El Niño, emphasising the
potential of P. thaca shell as recorder of past ENSO
events.

2. MATERIALS AND METHODS
2.1. Samples
Protothaca thaca is a subtidal marine bivalve (Veneridae) that lives up to an age of 7 yr in shallow water
depth (maximum 20 m), just below the surface of sandy
substrates (Urban 1994, Urban & Campos 1994). It has
a wide distribution range (12 to 45° S) and lives in
water temperatures between 5 and 26°C (Urban 1994).
Urban (1994) showed that P. thaca survives El Niño
events, thanks to its high lethal temperature threshold
(LT50 = 27.9°C) and high tolerance to rapid temperature increases (< 50% mortality in the case of an abrupt
increase by 14°C). P. thaca specimens were studied at
2 sites: Pocoma, Peru (17° 25’ S, 71° 22’ W) and El
Lenguado, Chile (23° 46’ S, 70° 28’ W) (Fig. 1A).
The 4 Pocoma shells studied belong to a population for
which the growth of individuals was followed from at
least May 2003 to September 2003; 85 individuals were
put in net-bags fixed to the bottom in situ. Once per
month, the Protothaca thaca specimens were removed
and immersed for 3 h in a bucket with seawater and
100 ppm of calcein; 2 specimens were taken after each
marking, while the others were replaced in situ until the
next marking. Then 4 specimens, 2 specimens with an
initial marking from May 15, 2003 (PC77, PC134) and 2
with an initial marking from July 16, 2003 (PC50, PC127)
were used for growth increment measurements. These
specimens were sacrificed on 16 July 2003 (PC77), 14
August 2003 (PC50) and 21 September 2003 (PC127),
(PC134). Daily SST data were obtained from the Ilo Station of the Instituto del Mar del Perú (IMARPE), which is
near the Pocoma site (Fig. 1A).
Shells of dead Protothaca thaca were collected on
the beach at El Lenguado in December 2000. Only
specimens with articulated valves, i.e. from individuals
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that had died only a few days earlier, were used. From
this sample, 6 specimens were randomly selected for
the study of shell growth anomalies.

thickness of the major growth anomalies was measured
on thick polished sections with a precision of 5 µm under
an optical microscope with diffused light.

2.2. Sclerochronological methodology

3. RESULTS

The Protothaca thaca shell consists of 2 aragonitic layers, an inner homogeneous layer and an outer prismatic
layer, where the growth increments are largest and can
be more easily observed (Fig. 1B). Growth marks were
identified by macroscopic observation of the shell surface, light microscopy and scanning electron microscopy
(SEM). Shells were cut along their maximum growth axis
using a high precision diamond saw (Isomet 5000
Buehler). The 4 Pocoma shell sections were polished and
acetate peel replicates were made after etching with
10% acetic acid for 30 s. Microstructural growth units
and growth anomalies were identified by combining diffused and transmitted light microscopic observations of
thin sections and acetate peels, and SEM imaging
(Philips 505). The width of each thinnest growth increment was measured on the acetate peel replicates of the
4 Pocoma samples under an optical microscope with a
precision of 5 µm. One valve of each of the 6 El
Lenguado specimens was cut as stated above and the

3.1. Microgrowth increments
The thinnest clearly bounded growth increments
have a width of 10 to 120 µm and are limited by a 3 to
5 µm thick line of organic matter (black in transmitted
light, etch-resistant) (Fig. 1C). These microgrowth increments are thinner in the last stages of life of the individual, reflecting the growth rate decrease related to
ontogeny (see Fig. 3). Increment width variations at the
margin of sample PC127 showed cycles varying from 6
to 14 increments. The beginning/end of each cycle are
characterized by a small groove on the surface of the
shell, as reported in other bivalves (e.g. Chione cortezi:
Schöne et al. 2002a); this cyclic pattern is thought
to coincide with tidal cycles. As tital mode here is
semidiurnal with a diurnal inequality (see Dirección
de Hidrografía y Navegacíon; http://www.dhn.mil.pe),
the microgrowth increments defined above can thus
be interpreted as ‘daily’ growth increments.
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Fig. 1. (A) Sampling sites (stars). (B–E) Protothaca thaca. Structures and microstructures of the aragonitic shell. (B) Major growth
anomalies (MGA); black triangles: surface grooves; white dotted lines: thick organic-rich layers (polished thick section, diffused
light). (C) Daily growth increments. Arrows: growth rings of 1 day (acetate peel replicate, transmitted light). (D) Sporadic growth
anomaly (retro-diffused electron SEM image). (E) MGA (retro-diffused electron SEM image). Scale bars for (C)–(E)= 100 µm
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Growth anomalies in Protothaca thaca shells consist
of an organic-rich layer associated with a depression
on the surface of the shell (Fig. 1B). Relatively thin
growth anomalies, 5 to 40 µm thick (Fig. 1D), which are
irregularly distributed in the shell are interpreted as
short non-periodic stress events like storms, predation
attempts, etc. These irregular growth anomalies might
also be related to spawning events, as P. thaca
reproduction can occur in various months of the year
(Henríquez et al. 1981).
Major growth anomalies (MGAs) are characterized
by organic-rich layers of 50 to 400 µm thickness and a
more conspicuous groove at the surface of the shell
(Figs. 1B & 2). The microgrowth increment width is
drastically reduced in MGAs (Fig. 3). We observed 3
MGAs (denoted A, B and C in Fig. 2) in P. thaca shells
from Pocoma. The relative position of MGAs A and B
in the shells depends on the age of the individual: in
young individuals with an elevated growth rate (e.g.
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3.2. Major growth anomalies (MGAs)
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Fig. 2. Protothaca thaca. Identification of major growth anomalies (MGAs) in 4 shells (identification nos. given) from
Pocoma (Peru). A, B and C are MGAs on valves (scale bar
= 1 cm) and on thick polish sections (diffused light; scale bar
= 1 mm); no. of daily growth increment between MGAs given
above each section. Solid vertical lines and dates (right): end
of growth. MGAs connected by dotted lines between shells
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PC127; Fig. 2, top), the distance between A and B is
greater than in older individuals (e.g. PC134; Fig. 2,
bottom). If MGAs A and B (and, by extension, C) represent records of the same events in the Pocoma population, the age dependence of the position of A and B
should be reproducible. The distances umbo–A and
A–B were measured on the surface of 21 Pocoma
shells and these age-dependent distances were highly
correlated (R2 = 0.94). Pocoma P. thaca of different
ages have thus recorded the same events at different
periods in their life. MGA C is located at the ventral
margin of Shells PC77 and PC134, which can be dated
precisely thanks to the staining experiment. The calcein baths were highly stressful for the specimens, and
lengthwise growth ceased after the first marking.
Thus, for the PC77 and PC134 samples, the end of
MGA C is recorded at around 15 May 2003. The position of MGA C in PC127 and PC50 is determined by
intercomparison of the shells and shell sections
(Fig. 2).
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Date
Fig. 3. Relation between recorded sea surface temperature
(SST, bottom panel) and daily growth increment width variations in Protothaca thaca shells PC127 and PC50. Major
growth anomalies A, B and C represented by small daily increments (‘summer checks’) are in black and related to the corresponding high summer SSTs. Solid lines at right: end of growth
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shells by an alternation of normal growth (lightcoloured layers) and reduced growth (organic-rich
layer), rather than by a continuous thick organic-rich
layer. A total of 42 SCs measured in 13 specimens,
including those from Pocoma, showed that the strong
1997–1998 El Niño event led not only to the widest SC
of the population (mean width 868 µm; significantly
wider than SC from other years, p < 0.001) but also to
the most varied individual response (Fig. 4).

El Niño
SC width (µm)
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4. DISCUSSION
4.1. Environmental significance of MGAs

Summer
Fig. 4. Protothaca thaca. Means, minima and maxima of
‘summer check’ (SC) widths in shells (mean and range; n = 42
SC). Filled squares: El Lenguado (Chile) (N = 6). Empty
squares: Pocoma (Peru) (N = 7)

To analyze which events induced the formation of
MGA in the Protothaca thaca shells, microgrowth
increment width variations were correlated with SST
(Fig. 3); similar patterns were observed in PC77 and
PC134 (not shown). MGA C occurred before mid-May
2003 (austral autumn) and < 50 increments were
counted between MGA C and the date on which the
specimens were sacrificed. MGA C thus corresponds
to the austral summer 2002–2003. The MGA that
occurred before MGA C, i.e. MGA B, is assigned to the
austral summer 2001–2002. The number of ‘daily’
growth increments between A and B greatly exceeds
the number of days in 1 year (Fig. 2). MGA A is therefore interpreted to correspond to summer 1999–2000
(Fig. 3). The overall decrease in growth rate and the
decrease in the number of increments counted from
summer 2000 to the date of sacrifice are in agreement
with ontogenic development. The summers 1999–
2000, 2001–2002 and 2002–2003 were those for which
SST exceeded 18°C either almost continuously for
> 3 wk (1999–2000, 2002–2003) or repeatedly over
3 mo (2001–2002).When these SST conditions are not
reached, no MGA is observed in the P. thaca shells
(summer 2000–2001 between A and B). MGA were
called ‘summer check’ (SC).

3.3. MGAs and El Niño
In the 6 El Lenguado specimens of Protothaca thaca
collected in December 2000, 4 MGA were identified
and assigned to the summers between 1996–1997 and
1999–2000. The MGA attributed to the strong 1997–
1998 El Niño event was characterized in most of the

Shell growth reduction or cessation is linked not only
to specific SST conditions, but rather to a combination
of environmental changes, including salinity and
reduced food availability. In addition to other environmental and physiological parameters, food availability
is one of the most important factors that controls molluscan shell growth rate (Witbaard 1996, Sato 1997,
Schöne et al. 2005). The absence of SC — showing
‘normal’ summer growth — may indicate not only
anomalously reduced SST (La Niña period), but also
favourable environmental conditions. La Niña events
generally lead to an increase in primary production, as
reported for the 1996–1997 and 1998–1999 periods
(Thomas et al. 2001, Carr et al. 2002). We surmise that
the La Niña 2000–2001 summer induced both lower
SST (see Fig. 3) and higher productivity.

4.2. MGAs and El Niño
Several studies showed that the strong 1997–1998 El
Niño event along the Peruvian-Chilean coast was
characterized by the occurrence of 2 El Niño maxima
(June–July 1997 and December 1997–January 1998)
separated by a relaxation period (Blanco et al. 2001,
Carr et al. 2002, Escribano et al. 2004). During the El
Niño pulses, SST, salinity and oxygenation of the water
column increased (Escribano et al. 2004). The spatial
pattern and concentrations of chlorophyll closely followed those of the SST, with low values during El Niño
peaks and high values during the relaxation period
(Thomas et al. 2001, Carr et al. 2002, Escribano et al.
2004). This succession of environmental conditions
that were either potentially unfavourable (El Niño
peaks with high SST and low primary production) or
favourable (relaxation period with lower SST and
highest productivity) during the 1997–1998 El Niño
event may explain the specific microstructural pattern
of the Protothaca thaca El Niño SC as well as the variable individual response observed.
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5. CONCLUSIONS
The sclerochronological analysis of recent PeruvianChilean Protothaca thaca indicates that the width variations in microgrowth increments may be related to
the tidal cycle. Two types of growth anomalies were
evidenced. The finest growth anomalies were interpreted as temporary stress events, while MGAs were
attributed to anomalous summer environmental conditions, e.g. high SST over a longer time period, and
named ‘summer check’. During La Niña events,
reduced summer SST and enhanced primary productivity lead to the absence of SC formation. The lifespan
of bivalves (i.e. the time span of environmental variations registered) established from counting of MGAs
should be used with caution, particularly in fossil specimens, as the environmental conditions which determine the formation of annual growth rings must be
identified for each species and environment. In specimens collected in 2000, long-lasting high SST and
associated environmental changes related to the
1997–1998 El Niño event led to the widest SC. We conclude that SC widths in fossil P. thaca shells are a proxy
of paleo-ENSO events.
More work is needed to define the environmental conditions that induce SC formation in Protothaca thaca
shells, particularly with regard to primary production.
This study provides a basis for the interpretation of P.
thaca shell microstructures, an essential step towards the
calibration of proxies in modern shells. Geochemical
analyses of shells, which are currently under way, should
provide new clues to identify and evaluate the relative
importance of the different environmental parameters
responsible for MGA formation in P. thaca shells.
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